




























































































































































































































































































































































































































































































































































































































waters, particularly where large developments are involved, 
and on smaller scales for smaller operations. 

While such construction-related impairments to a lake may 
largely dissipate with time, the process may require months 
or years. Furthermore, some residual effects that do not dis­
sipate, but bring about a permanent increase in the lake's 
productivity, can be expected. 

A second aspect of urbanization not directly addressed 
in the individual lake analyses is potential proliferation of sep­
tic tank systems for wastewater disposal. Studies by Metro 
and others (Harper-Owes, 1981; Jones and Lee, 1979; 
Sikora and Corey, 1967) indicate that where septic tanks and 
drainfields are functioning properly, algal nutrients or bacteria 
are not transmitted to lakes. However, when systems fail, 
surfacing effluents can enter nearby streams and lakes, in­
creasing the phosphorus content for algal production and 
also presenting potential health hazards. 

Much of the soil in the study area is the Alderwood type 
which has serious limitations for drainfield use, as briefly 
described in the soils section of the Introduction to this report. 
Since the area generally could be considered high risk for 
septic systems because of inadequate soils, regular inspec­
tions and correction of any failures are recommended. 

SUMMARY AND CONCLUSIONS 

• The study lakes were mostly in the mesotrophic range, 
although the complete range observed was from oligo­
mesotrophic to eutrophic. 

• Of the lakes that had previous surveys for comparison, 
four (Pipe, Star, Sammamish, and Kathleen) have undergone 
possible changes in quality, while six did not seem to sub­
stantially change. Lakes Sammamish and Kathleen had 
decreased levels of one or more trophic state indicators, im­
plying an improved condition. Pipe and Star lakes had in­
creased levels, implying a deterioration in quality. 

Contributed Papers 

• All of the study lakes have limits to their tolerance of 
increased urbanization, but sensitivity varies from lake to 
lake. Some may be able to tolerate full basin development 
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Figure 3.-Current trophic status of four lakes (Angle, Dolloff, 
Geneva, and Steel) and changes in status projected to result from 
hypothetical basin development. 

Table 3. - Summary of key data and conclusion for King County lakes studied May 1979-March 1980. 

Meo.n Annual Change 
Mean Mean phosphorus phosphorus from Existing 

transparency chlorophyll concentration loading Trophic previous wastewater 
Lake m µg/I µg/I gm-2 state8 condition mgmt.b 

Angle 5.4 1.2 15 .10 - 20 0-M No 1 

Desire 2.2 6.3 34 .40- .72 M-E No 2,3 

Dolloff 1.6 10.7 52 1.1 - 1.9 E No 1,2 

Fivemile 1.5 2.1 21 .40- .66 M 2 

Geneva 3.1 5.5 30 .34- .56 M-E 2 

Green 2.4 9.6 29 E 1 

Kathleen 2.3 2.4 E Yes 2 

Morton 2.9 4.8 15 .08 - .13 M No 2 

North 2.1 9.6 18 .18 - .33 ? 2 

Pipe 4.1 1.8 17 .13-.19 0-M Yes 

Sammamish 5.3 3.0 12 M Yes 1,2 

Sawyer 3.8 3.6 20 .50- .72 M No 2,3 

Star 4.2 5.1 26 .36- .54 M Yes 

Steel 4.5 2.5 14 .09 - .16 0-M No 

Union 4 

a Qmollgotrophic; M=mesotrophic; E=eutrophic 

b. 1ozsewered; no docUmented sewerage problems; 2=septic systems used, present & potential effects unknOWn; 3=septic systems with 

documented problems: <!=sewered, with some combined sewer overflows. 

c. 1-no problem with increased development density; 2=ftttle quality change with fulHlasin development to low (2·5/acre) density, but 
definite limhatiOns needed on high density development; 3=11mltatlons needed on both low and high density development; 4=any increase 
in devlllopment could be hazardous to lake; 5 - lake or da1a not amenable to the type of analysis used to make projections; 6 = con­
clusions withheld pending further data collection. 
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Figure 4.-Current trophic status of lakes Desire and Fivemile. Rela­
tionship after Vollenweider. 

at low density, but none can tolerate full develooment at high 
density. 

• The impacts projected for each lake from increasing 
urbanization are based on effects expected from stable 
post-construction development. Short-term augmentation of 
these impacts can be expected during construction, to a 
degree that can be disastrous if construction is not careful­
ly planned and executed. 

• Long-term augmentation of projected impacts from ur­
banization can be expected from septic tank failures in future 
developments where septic tanks are used for wastewater 
treatment. 

SPECIFIC RECOMMENDATIONS 
The study report, based on collection and evaluation of data, 
was not intended to be a management plan. However, Metro 
staff was able to recommend specific actions to agencies 
or jurisdictions concerned with addressing the issues 
discussed. 

• The specific tolerances of the individual lakes to effects 
of urbanization should be taken into account in the land use 
planning and construction permitting processes. 

• Strict enforcement of regulations that apply to plan­
ning and execution of construction needs a high priority. 
Dev_e(9_pers n:iay ne_ed a~istance tQ devel<?J> app__r:~priate and 
realistic erosion control plans, and frequent inspection of ac­
tual application is recommended. 

• A comprehensive program to ensure proper 
maintenance of septic tank systems should be undertaken. 

• Further investigation should occur to clarify reasons for 
conditions or changes seen in several of the lakes. 
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LAKE HICKS RESTORATION ANALYSIS 
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ABSTRACT 
Lake Hicks, a small urban lake near Seattle, Wash., was closed to swimming in 1975 because of poor 
water clarity and high coliform bacteria levels. The closure prompted the local parks and recreation depart­
ment to undertake a year-long lake restoration analysis in 1981. To determine the lake's water quality 
conditions and the composition of its influents, a monitoring program was established, sanitary sewer lines 
and storm drainage systems were investigated, and local waterfowl were observed. The results of this 
analysis indicated that the fecal coliform pollution was related directly to urban runoff rather than to any 
specific point sources. Eighty percent of the runoff originated in an area north of Lake Hicks, which com­
prises commercial and residential development and wetland areas. The poor water clarity was attributed 
to direct runoff and the infiltration of waterborne humic substances through a corridor of gravelly sandy 
loam. Nearby peat soils were the likely source of the humic material. A number of both nonconstruction 
and construction restoration alternatives were evaluated; three were selected. (1) By creating a public 
awareness program, the public can become knowledgeable about the problem and help to reduce con­
tamination within the drainage basin. (2) To precipitate the humic substances in the lake, a slurry of hydrated 
lime and water will be periodically added to the lake. (3) To prevent runoff from entering the lake during 
the summer, a rock berm will be constructed across the upstream end of the main inlet channel of the 
lake to facilitate infiltration of the waters into gravelly, sandy loam. Excess runoff not absorbed by the soil 
will be diverted to the existing pump station that drains the lake. 

INTRODUCTION 
Lake Hicks is a small lake located in urban King County near 
Seattle, Wash. The lake is supplied with water through 
springs in its bed, from surface runoff from the 273-hectare 
(677-acre) drainage basin, and directly from r.:!.infall (Fig. 1). 
It is part of the 6.5-ha (16-acre) Lakewood Park and both 
lake and park are important local recreational resources; 
however, swimming has been prohibited in the lake since 
1975 because of high fecal coliform counts and poor water 
clarity. 

By documenting the existing water quality conditions and 
the composition of the lake's major influents for a year, the 
causes of the water quality problems were identified. Solu­
tions were then developed to alleviate or reverse deteriorating 
water quality. The study was conducted in accordance with 
Environmental Protection Agency and Department of Energy 
guidelines. The study used, in part, results of a previous 
preliminary water quality investigation of the lake (CH2M 
HILL, 1978) and information about storm drainage im­
provements within the area (CH2M HILL, 1979, 1980). 

PHYSICAL ENVIRONMENT OF THE 
STUDY AREA 
Drainage Basin Description 
Lake Hicks covers approximately 1.8 ha (4.5 acres), has a 
maximum depth of about 6 meters (20 feet), and a volume 
of approximately 49,340 m (40 acre-feet). The average depth 
is 2.9 m (9.44 feet). Lake Hicks' drainage basin is exten­
sively developed and largely urban in character. The lake 
receives stormwater from a 273-ha (677-acre) drainage basin 
comprising vacant land, wetlands, low income housing 
developments, parks, single family housing, low- and high-
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rise multifamily housing, and a commercial business district. 
Immediately adjacent to the lake are single-family homes, 
a health center complex, and junior and senior high schools. 
Other than storm drains, no joint discharge sources drain 
into Lake Hicks. 

Precipitation 

Mean annual precipitation in the drainage basin is about 87.6 
centimeters (34.5 inches). The rainy season extends from 
October through March, with November and December the 
peak rainfall months. 

Geology and Soils 

Lake Hicks was formed approximately 14,000 years ago dur­
ing the recession of the Vashon Glacier. Since then, much 
of the shallow area surrounding the lake and connecting 
drainages has become filled. This natural aging and reduc­
tion in lake area has been accelerated by wetland filling for 
development and increased erosion and deposition of 
sediments from uplands. 

The lands surrounding Lake Hicks are gently rolling, with 
average slopes of 6 to 15 percent and a regional relief of 
15 m (50 feet). Most of the Lake Hicks drainage basin con­
sists of Alderwood gravelly sandy soils. These soils have 
developed from Vashon till, a common substrate of the Puget 
lowlands. Alderwood soils are characterized by an imper­
vious, cemented layer of hardpan at a depth of about 71 to 
91 cm (28 to 36 inches). 

There are two important exceptions to these general soil ' 
characteristics. First, a co(Tidor of Everett gravelly sandy loam 
extends southwest from Lake Hicks; another corridor extends 
to the northwest. This soil is well drained, having developed 
from recessional sand and gravels. It may provide an un­
derground inlet for water to Lake Hicks from the northwest, 
as well as providing an outlet from the lake to the southwest. 
Second, the area to the northwest is low, marshy, and char­
acterized by peat soils of 1.5 to 4.6 m (5 to 15 feet) in depth. 

Lake Level Control 

Lake Hicks receives all the runoff from the 273-ha drainage 
basin. At normal water levels (approximate elevation 104 m 
(343 feet)), Lake Hicks has a surface area of approximately 
1.8 ha (4.5 acres). During times of high water this area may 
expand to 5.9 ha (14.5 acres), inundating substantial areas 
of parkland. 

Lake Hicks is drained by a pump with a normal capacity 
of 0.06 m3ts (2 cfs). The estimated peak lake level during 
a 20-year storm is 108.5 m (356 feet) (assuming that the 
pump ran continuously for the entire storm). At high flood 
elevation; flows of 0.01 to 0.02 m3ts (0.4 to 0.8 cfs) leave 
the lake as ground water through the permeable Everett soils 
along the south side of the lake. Ground water surfaces 
through springs at the head of nearby Salmon Creek 
Canyon. 

INVESTIGATION AND STUDY METHODS 

To determine the lake's water quality conditions and the com­
position of its influents, a number of investigations were con­
ducted. A monitoring program was established, sanitary 
sewer lines and storm drainage systems were investigated, 
and local waterfowl were observed. · 

Water Quality Monitoring 

Thirteen monitoring stations were .established. They were 
located in the middle of the lake, a nearby detention pond 
that is connected to the lake by a channel, six inlet pipes, 
and five locations outside the lake but within the drainage 
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basin. The lake station, the detention pond station, and three 
of the external locations were sampled regularly when flow­
ing, while the other stations were sampled during two storms, 
when flowing. . 

The station in the middle of the lake and the station at 
the detention pond were monitored with a Hydrolab Model 
6 water quality sampler twice monthly during summer 
months and monthly throughout the year-long study (March 
1981 through February 1982). Parameters included 
temperature, pH, dissolved oxygen, and conductivity. ~ur­
bidity was measured within 24 hours of sample collection 
on a Turner Designs Model 40 nephelometer. 

Also for these stations, nutrients, suspended solids, and 
chlorophyll a were analyzed in a laboratory using standard 
techniques. Occasional Winkler titrations of dissolved oxygen 
were also done to check the accuracy of the Hydrolab water 
quality sampler. Duplicate analyses were done on three to 
five parameters per date as a quality control check. 

Concentrations of total and fecal coliforms and fecal strep­
tococci were measured by the laboratory. Comparison of the 
membrane filtration and most probable number (MPN) 
techniques during early monitoring trips indicated the MPN 
method was the most appropriate for the remainder of the 
study (from May on). 

At the other monitoring stations, samples were taken and 
nutrients, suspended solids, fecal coliforms, and fecal strep­
tococci were measured by the laboratory. 

Phytoplankton Community Examination 

Composite whole-water surface samples were taken, and two 
replicate 25-ml subsamples were settled from each sample 
and the first 200 organisms were identified to genera. The 
percent composition of these organisms was determined and 
averaged for the two replicates, resulting in relative species 
composition during the study period. 

Storm Event Field Investigation 

Characteristics of runoff water to Lake Hicks from the 
drainage basin were monitored during two storm events, 
once in the summer and once in the winter. Stations were 
chosen to obtain sub-basin characteristics as well as waters 
with direct access to Lake Hicks. Three samples were taken 
periodically during each storm at each site. 

Water quality parameters included turbidity, nutrients, 
suspended solids, and total fecal coliforms and fecal strep­
tococci. Techniques used to measure these parameters were 
the same used in the previously described regular water 
quality monitoring. 

The limited stormwater sampling was to determine if any 
sub-basins were contributing disproportionate amounts of 
bacteria and nutrients to the lake and to obtain approximate 
field verification of phosphorus loading rates calculated from 
a loading model. 

Sanitary Sewer Line Investigations 

Sanitary trunk sewers adjacent to the lake were suspected 
of being sources of human pollution because of their prox­
imity, depth of burial, and heavy groundwater infiltration 
characteristics. The assumption was made that exfiltration 
could also take place given the proper hydraulic gradient. 
Record searches of individual house hookups and associated 
dye st~dies were conducted. Bore holes were dug on the 
'A'.est side of ~he lake between the existing 61-cm (24-inch) 
diameter sarntaly trunk sewer and the shoreline to determine 
if exfiltration was taking place. Other investigati'ons includ­
ed locating the drain lines from the sanitary facilities and the 
diatomaceous filter backwater from a swimming pool located 
to the southeast of the lake. 



Storm Drainage Investigation 

A similar effort was carried out to isolate storm sewer in­
lets to the lake that might be sources of pollution. Samples 
were taken from manholes and free-outlet storm sewers 
during storm and nonstorm events. Other investigations 
included possible illegal hookups to storm sewers and 
documentation of domestic animals near open water­
courses. 

Waterfowl Investigation 

Waterfowl were observed and counted during routine 
monitoring, storm events, and other visits to the lake. Total 
number and location within the lake or shoreline were 
recorded. 

RESULTS 

Temperature 

Weak thermal stratification was present in Lake Hicks at 
the onset of sampling (March 2, 1981 ); surface temper­
atures were 9°C and bottom temperatures 4°C. Stratifica­
tion was present until early October, with evidence for 
some mixing between the hypolimnion and surface waters. 
The thermocline was generally between 3 and 4 meters 
deep, but there was often a gradual thermocline over 
depths from 2 to 4 meters. 

One dye study indicated that the thermocline in Lake 
Hicks is modified by the inflow of spring water between 
the hypolimnion and epilimnion. A maximum temperature 
of 28°C was observed at the surface in early August. The 
maximum temperature in bottom waters was 15°C in late 
August. The minimum temperature of 5°C occurred in late 
January when the lake was well mixed. 

Dissolved Oxygen 

Concentrations of dissolved oxygen were 12 to 13 mg/I 
at all depths on the first sampling date. Shortly after the 
onset of thermal stratification, concentrations of dis­
solved oxygen became low (under 2 mg/I) in the hypolim­
nion. That condition persisted until vertical mixing occur­
red in late September through early October. The odor of 
hydrogen sulfide was often apparent in water samples from 
the hypolimnion, indicating the presence of chemically 
reducing conditions. 

Concentrations of dissolved oxygen in surface waters 
remained at or near saturation throughout the year, ex­
cept following fall mixing when concentrations throughout 
the lake were below saturation (e.g. 8 mg/I) in November 
at a temperature of 11°C. The reduction in dissolved ox­
ygen following fall mixing probably results from the ac­
cumulated chemical and biological oxygen demand of the 
bottom waters. 

Turbidity, Suspended Solids, and 
Transparency 
Turbidity generally ranged between 1 and 5 NTU in sur­
face waters and at mid-depth during summer months, 
while turbidity of bottom waters ranged from 4 to 20 NTU. 
After fall mixing, turbidity was similar at all depths and in­
creased from 2 NTU during low-inflow periods to 7 to 10 
NTU during high-inflow periods (January). 

Suspended solids in surface waters ranged from less 
than 1 to 6 mg/I during the summer months and from 2 
to 13 mg/I during the fall and winter months. Suspended 
solids at mid-depth were similar to surface values. 

Suspended solids, like turbidity, were higher in bottom 
waters ranging up to 22 mg/I, a common feature of lakes 
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in the Seattle area (Uchida et al. 1976). Highest concentra­
tions of suspended solids in bottom waters occurred in March 
and July. 

As a result of an oversight, Secchi transparency (clarity), 
was measured only in March and from late September 
through February. That period, however, included represen­
tative ranges of chlorophyll concentrations, surface turbidi­
ty, and color associated with humic material. It is believed, 
therefore, that the observed Secchi depth can be used in 
later conclusions about the trophic state of the lake. 

Conductivity and pH 

Conductivity generally ranged between 50 and 80 
milliohms/cm, with occasional values to 100 milliohms/cm 
near bottom. There was no seasonal trend in conductivity. 

Generally, pH was between 7.1 and 8.0 during spring and 
summer in surface waters with the exception of March 30 
when a pH of 6.4 was recorded. From October to January, 
pH declined to 6.1 to 6.7 in surface waters, rising to 7.4 in 
February. 

Phytoplankton 

Three phytoplankton population peaks occurred during the 
study period. A May 1981 peak was dominated by green 
algae, primarily Scenedesmus and Cosmarium. A Stauras­
trium bloom occurred in September 1981. A January 1982 
population peak consisted of Euglenids, with Euglena and 
Trachelomonas being the most abundant organisms. 
Relatively few Cyanophyta (bluegreen algae) were identified 
during the study period. Bluegreens identified included 
Chroococcus and Microcystis. 

Nutrient Concentrations 

Total phosphate levels measured in Lake Hicks during the 
study ranged from 0.009 mg/I to 0.190 mg/I. The mean con­
centration at surface was 0.042 mg/I, at mid depth was 0.057 
mg/I and at depth was 0.082 mg/I. 

Orthophosphate (soluble phosphate) measurements rang­
ed from below detection levels to 0.071 mg/I. Wide fluctua­
tions are also noted for this measure of phosphate. The 
highest levels reported (0.071 mg/I) occurred at depth dur­
ing July. 

Concentrations of inorganic nitrogen at the surface were 
low throughout the study until winter, when levels reached 
0.378 mg/I in February. Low levels of ammonia were also 
found at the surface until December when levels reached 
0.315 mg/I. Total Kjeldahl nitrogen ranged from less than 
0.5 mg/I to 0.9 mg/I with the highest organic nitrogen occur­
ring during the summer. 

Water Budget 

Direct measurement of inflows to Lake Hicks proved imprac­
tical when vandals repeatedly removed weirs that were in­
stalled on the main inlet. A water budget, expressed as the 
number of times the lake volume is replaced in a year (tur­
novers per year), was developed indirectly by two methods. 
Runoff from the watershed was calculated from rainfall 
records and a loading model (Buffo, 1979; Davis, 1980). An­
nual runoff volume divided by the volume of the lake pro­
vides one estimate of turnovers per year. 

During the study year, runoff volume was calculated to 
be 826,445 m3(670 acre-feet). When this amount is divided 
by the volume of the lake (about 49,340 m3 (40 acre-feet) 
at an elevation of 104 m (344 feet), a yield of 17 turnovers 
per year is determined. A typical year would have somewhat 
less runoff than the study year because of fewer intense 
storms. An estimated typical year would have 542,740 m3 
(440 acre-feet) allowing calculation of 11 turnovers per year. 
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A second indirect estimate of turnovers was calculated 
from the results of two dye studies. Twice, the entire volume 
of the lake was dyed with rhodamine WT fluorescent dye. 
A final concentration (volume-weighted average for several 
depth strata) of 1.2 ppb was achieved in March 1981 and 
a concentration of 2.4 ppb was achieved in July of 1981. 
Decreasing dye concentrations were observed for 40 to 45 
days at regular depth intervals at 22 locations in the lake. 

Dye concentrations were plotted as straight lines on a 
semi-log scale (Fig. 2), indicating nearly constant dilution of 
the dye over time. During the July study, the lake was strong­
ly stratified, but similar dye concentrations were achieved 
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in the epilimnion and the relatively anoxic hypolimnion. One 
week later, a layer of water with relatively little dye was 
observed at a depth of 3.63 m {12 feet) throughout the lake, 
with higher concentrations above and below, indicating 
substantial inflow from springs. Subsequent partial mixing 
of the lake caused more uniform, but lower, concentrations 
of dye throughout the lake. There was no surface inflow dur­
ing the July through August dye study. 

The slopes of the lines in Figure 2, -0.0693 per day (sum­
mer) and -0.033 per day (winter), can be used to calculate 
turnover times of 15 to 20 days or 12 to 24 turnovers per year. 

The steeper slope (more rapid decrease in dye concen­
tration) during the summer study was probably caused by 
photodegradation of the dye during sunny weather. Rhoda­
mine WT was observed to photodegrade at a rate of 0.018 
per day during experiments in an estuary (Zankel, unpub.). 

The turnovers calculated from modeled runoff, 17 per year, 
were in close agreement with those calculated from the dye 
study, 12 to 24 per year (or 19 to 24 per year allowing for 
photodegradation of the dye). 

Lake Hicks, with its relatively small volume of about 49,340 
m3 (40 acre-feet) (at its usual summer elevation), has rapid 
replacement of its water, primarily from springs in the sum­
mer and from springs and surface runoff in the fall, winter, 
and spring. 

Trophic Status of Lake Hicks 

Algal densities have not been sufficiently high in Lake Hicks 
to be perceived as a problem by lake users. Nevertheless, 
concentrations of chlorophyll a, an indicator of algal biomass, 
were observed_to exceed 20 µg per liter during our study, 
and decomposing algae probably contribute to the oxygen 
demand i~ the hypolimnion during the summer. Algae may 
also contribute to decreased transparencies in the fall. 
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Annual phosphate loadings to the drainage basin were 
determined using land use patterns anp Buffo's model for 
actual rainfall frequencies during the study period. 

Given the loading rate of phosphorus per year, the average 
depth of the lake (z), and the turnover rate in years (T) (tau), 
the trophic state can be expressed (Vollenweider, 1975). 

The results of the loading rate model indicate a loading 
rate to the lake of 2.8 grams per m2 year. Average depth 
of the lake is about 3 meters and T (tau) is between 0.045 
and 0.091 year (calculated from the water budget). 

Lake Hicks is eutrophic according to Vollenweider's {1975) 
model, as shown in Figure 3. Using the water quality data 
from other sections (chlorophyll a, transparency, phosphorus 
concentration), Lake Hicks scores 65 on Carlson's (1977) 
trophic state index. That score indicates a slightly eutrophic 
lake and agrees with the classification according to Vol­
lenweider's (1975) model. 
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Figure 3.-Trophic status of Lake Hicks. 
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While algal blooms have not interfered with the use of Lake 
H_ic~s in th~ p_ast, assessment of nutrient limitation might 
aid in predicting the impacts of restoration. In addition, 
controlling algae might reduce turbidity, a factor in clos­
ing the lake to swimmers. During August through October 
a moderate algal bloom occurred in the lake, while the con­
centrations of inorganic nutrients in the surface waters re­
mained relatively low. 

It is suspected that the small size of the lake leads to 
some vertical mixing of the supply of nutrients from the 
relatively rich bottom waters to the surface waters 
t~roughout the late summer and fall. Vertical profiles of 
dissolved oxygen and nutrient concentrations support this 
hypothesis, particularly in the fall. 

Ratios of nitrogen (N) to phosphorus (P) in the lake can 
be compare~ to those.expected in algal material (Redfield, 
1. 934). to_ ~st1mate which of the major nutrients is poten­
tially hm1~1ng phytoplankton growth. Comparison of avail­
able nutri~nts would be de~irable (e.g. dissolved inorganic' 
N and ~). howe~er, sampling protocol did not favor that 
comparison. Ratios of t~tal N (nitrate and nitrite and TKN) 
to total P suggest nutrient balance during the summer 
months. 

Phosphorus limitation was suggested only on July 2 and 
December 22. Other ratios such as inorganic N to in-



organic P (given that some contribution from algal cells 
was present) and of inorganic N to total P were also cal­
culated. The three ratios allow conclusions about different 
aspects of algal growth. Total N to total P predicts the total 
algal crop that could develop in a body of water. Roughly, 
0.1 mg of chlorophyll a might be expected from each mg 
of phosphorus under balanced nutrient conditions (Dillon 
and Rigler, 1974). Maximum phosphorus concentrations 
of 0.061 mg/I in the spring were followed by maximum 
chlorophyll concentrations of just over 0.020 mg/I, sug­
gesting that nitrogen may have been the limiting nutrient. 

The ratios of inorganic N to inorganic or total P allow 
some speculation that adding nitrogen would be more like­
ly to stimulate algal growth in Lake Hicks than adding 
phosphorus. The conclusion assumes that excess P is 
stored by algal cells and that N is recycled more rapidly 
than P. Algal species composition also indicates that Lake 
Hicks may be nitrogen limited. Very few blue-green algae 
were noted during this study. The predominant phyto­
plankton division is Chlorophyta. Blooms of Euglenids 
were noted in July and September, as well as a gradual 
increase in the percent composition of Euglenids during 
the wet season with another bloom in January. Given the 
rapid turnover of water volume in the lake and the pro­
bable supply of nutrients from the hypolimnion during the 
summer, Lake Hicks is probably somewhat insensitive to 
additions of nutrients from inflows. Long-term re­
duction in nutrient input might eventually deplete available 
nutrients at the sediment surface, however. 

Bacterial Concentrations and Ratios 

Fecal coliform and fecal streptococcal bacteria were 
sampled at the surface and near bottom when the lake 
was mixed, and at three depths during stratification. Con­
centrations of fecal coliforms in surface waters exceeded 
200 MPN/100 ml on three occasions during the spring and 
summer and two occasions during the fall. Instances of 
fecal coliform counts over 200 MPN/100 ml in surface 
waters appear to be associated with prec:pitation events 
in July, September, and November. High counts in May 
were during a period when continuous surface flows to the 
lake were still occurring, and when anoxic bottom waters 
were observed at a relatively shallow depth. 

The observation of 240 fecal coliforms per 100 ml on 
August 11 did not coincide with either precipitation or lake 
mixing. Generally, concentrations of fecal coliforms were high 
in surface waters primarily after inflow-producing rainfall, ex­
cept that the rather steady inflow during December through 
April was not associated with high concentrations. 

Concentrations of fecal coliforms in bottom waters resem­
bled those in surface waters except that concentrations re­
mained high into early June. High concentrations of fecal 
coliforms were observed at mid-depth only on June 17. No 
unusual flow or mixing events had been recorded on or short­
ly before. Bacterial concentrations in inflowing surface waters 
were high in May and June, after the mid-July storm, dur­
ing late September and October, and during the two storm 
events. High concentrations in surface inflows thus coincide 
with or precede most high concentrations in the lake. 

Concentrations of fecal streptococci (FS) were generally 
similar to, or slightly higher than those of fecal coliforms (FC), 
resulting in FC and FS ratios of about 1 or less on most 
dates. Ratios approaching or exceeding 4, indicating the 
possibility of human fecal sources (Geldreich et al. 1968), 
occurred in samples from surface waters once in the spring 
and twice in the summer. The spring and first summer 
samples also contained relatively high counts of fecal col­
iforms, supporting the possibility of contamination by 
unknown sources. 
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The FC and FS ratio at the channel flowing into the lake 
was 26 with concentrations of 16,000 MPN fecal coliforms 
per 100 ml. The FC and FS ratio in the detention pond 
feeding the channel was 67 with 2,400 MPN fecal coliforms 
per 100 ml. Ratios of FC and FS at the detention pond chan­
nel into the lake were generally similar to those in the lake, 
although bacterial concentrations were considerably higher. 
There was no surface flow to the lake coincident with the 
high FC and FS ratios in the two summer samples. 

Sanitary-Storm Drain Systems and 
Nonpoint Source Investigation 

The investigation of both the sanitary and storm sewer 
systems did not reveal any direct point sources. Verification 
of actual sanitary hookups in areas north of Lake Hicks but 
within the basin should be carried out; however, budget con­
straints in this study did not permit such additional work. Field 
investigations of sanitary-storm drain systems and other 
possible pollution sources did provide some information. 

A 53-cm (21-inch) diameter outfall comes into Lake Hicks 
from a nearby housing development. However, compressed 
air and smoke testing did not reveal the actual outlet. 
Samples taken from the first manhole upstream from the lake 
did not reveal the discharge from this pipe to be a pollution 
source. 

A swimming pool drain is hooked up directly into a 53-cm 
(21-inch) diameter storm sewer. This pool has been drain­
ed only twice since being constructed, and, since both oc­
casions were prior to this study, it was assumed that the pool 
had little influence on the water quality of the lake. Additional­
ly, although it was thought that the pool's diatomaceous filter 
backwash water drained into a 53-cm diameter storm sewer 
that led to the lake, the investigation indicated that the 
backwash water drained into a 38-cm sanitary trunk sewer. 

Horses graze near the lake, indicating a possible source 
of bacteria and nutrients to Lake Hicks. 

Waterfowl 

Lake Hicks was inhabited throughout the study period by 
approximately 40 semi-domesticated waterfowl, predominant­
ly mallard and domestic white ducks. As a group, the ducks 
appear to spend about 50 percent of their time in the water 
and 50 percent of their time on the grassed shoreline. The 
contribution of fecal coliform bacteria to the lake water by 
waterfowl is insignificant. Fifty waterfowl contributing 
11,000,000 coliform bacteria r:r day (Millepor Manual, 1973) 
would add about 2. 75 x 10 coliforms per day, assuming 
that only about 50 percent of their time is spent in the water. 
Assuming also that no coliform mortality occurs, they would 
produce an average density of less than 1 per 100 ml of 
water. 

RESTORATION ALTERNATIVES 

Restoration alternatives were divided into two groups for 
evaluation: alternatives requiring no construction and alter­
natives requiring construction. 

• Nonconstruction Measures 
1. Storm runoff diversion into sanitary sewer 
2. Street and catch basin cleaning 
3. Animal control 
4. Public awareness 
5. Waterfowl detraction 
6. Addition of hydrated lime to increase 
transparency 

• Construction Measures 
1. Dredging 
2. Lake drawdown 
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3. Chlorination 
4. Dilution 
5. Ground infiltration and excess runoff diversion 

Following extensive evaluation and a number of public 
hearings, three alternatives were selected to restore the lake: 

Public Awareness 

Public awareness plays a very important part in any type 
of source control and remedial action plan. This alternative 
involved making the public aware of the problems and how 
they could help reduce contamination within the drainage 
basin. Field trips and other outdoor activities were to bear­
ranged to interest people in the future of this lake. 

Addition of Hydrated Lime 

Humic substances that have entered Lake Hicks from nearby 
peat deposits can be precipitated by adding a slurry of 
hydrated lime and water. Increases in transparency of 40 
to 60 percent have been achieved by this method (Stross 
and Hasler, 1960). The technique has been ineffective only 
in lakes that are totally surrounded by peat bogs (Stross and 
Hasler, 1960). The important feature is that the lime must 
be mixed with lake water before application to achieve max­
imum dispersal. 

Another purpose of liming lakes has generally been to in­
crease production of fish. This has usually resulted from the 
increased water clarity leading to growth of suitable food 
organisms through a greater volume of the lake. Increased 
concentrations of oxygen in hypolimnion (bottom) waters can 
also occur if transparency is sufficiently improved. Increased 
fish production might thus be a secondary benefit of liming. 

Ground Infiltration and Excess 
Runoff Diversion 

This construction restoration alternative was selected for 
several reasons. Total diversion of all summer storm runoff 
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is the only positive way of eliminating the "first flush" pol­
lutan!~ entering the lake from five major input locations. Soil 
cond1t1ons are also suitable for infiltration of storm runoff. 
This was indicated by no-flow conditions into the lake from 
the detention pond's inlet channel during two summer storm 
.events. External coliform loading will be reduced by diverting 
all flows up to 0.6 m31s from the inlet channel between the 
detention pond and the lake to the existing pump station. 
Flow from three inlet pipes to the south will also be diverted 
to the pump station. A small dike is proposed on the inlet 
channel, as shown on Figure 4, to permit first flush runoff 
to infiltrate into the existing soils. Excess runoff up to 0.06 
m31s will be diverted directly into the wet well of the existing 
pump station through 25.4 cm diversion line with its inlet 
lower than the top of the rock berm. 

During extended flows in excess of 0.06 m3/s, the berm 
will be topped and water will enter the lake through the ex­
isting channel. To accept the runoff from the adjacent junior 
and senior high schools and homes, an interceptor sewer, 
pump station, and force main submerged on the lake bot­
tom will divert runoff up to 0.03 m3/s, also directly into the 
wet well of the pump station. During the winter months the 

· pump station will be shut off and water will enter the lake 
through the existing influent lines. The dike on the north side 
will be submerged during peak runoffs with little backwater 
effect on the existing culverts at the parking lot. 

The existing suction line for the outlet pump will be replac­
ed and extended to the deepest part of the lake. During storm 
flows of less than 0.06 m3/s, water will be withdrawn from 
hypolimnion. This will result in removal of nutrients turbidi­
ty, anoxic water, and floe that precipitates from the ~ddition 
?f lime. During the spring months, water higher in fecal col­
iform concentration will be selectively removed from several 
inlet pipes. Profiles of the proposed interceptor sewers and 
detention pond are shown in Figure 5. 
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ABSTRACT 

Two separate research projects have been conducted to assess the effects of lake aluminum sulfate (alum) 
treatments on aquatic organisms. The first was a laboratory study that attempted to determine the effects 
of alum on benthic invertebrates using larvae of the chironomid species Tanytarsus dissimilis in both acute 
(96 hours) and chronic bioassays. The second project was a field study performed in conjunction with 
the Liberty Lake restoration project and is entitled "In situ toxicity of aluminum sulfate to rainbow trout 
(Sa/mo gairdnen)." The studies indicated there was no acute toxicity to either the Tanytarsus larvae or 
the rainbow trout. In addition, there were no sub-lethal effects to rainbow trout exposed directly to 0.9 
mg Al/I or to trout exposed to the settled alum floe as measured during a 1-month observation period. 
A number of effects, including chemical toxicity, physical toxicity, and lengthening of larval development 
time, were seen with the Tanytarsus larvae during chronic bioassays. 

EFFECTS OF ALUM TO MIDGE LARVAE 

The objective of this study was to determine the acute and 
chronic effects of alum to Tanytarsus dissimilis larvae. This 
species is a member of the Chironomidae, the family of 
organisms that occupies a significant portion of the benthic 
invertebrate community in lakes and which are important 
fishfood organisms. 

Methods 

The test water for these bioassays was obtained from Liberty 
Lake, Wash., and filtered, using 0.45 µm pore size filters as 
soon as possible. The alum stock solutions were prepared 
using this water and reagent grade aluminum sulfate 
(Al2(S04)3 H20) crystals. 

After the alum solutions were prepared a pH adjustment 
procedure was started, the object of which was to obtain a 
pH level of 7.8 in the acute tests and 6.8 in the chronic tests. 
The pH of 7.8 was desired because it is indicative of condi­
tions in Liberty Lake during the fall (when an alum treatment 
might be performed). The lower pH was used for the chronic 
tests because it was observed to remain more stable over 
the longer time period. pH's in the solutions, including con­
trol, were adjusted by adding sodium hydroxide (NaOH) 
every second or fourth day until the pH stabilized at the 
desired level. 

The test larvae were collected from stock tanks 15 to 18 
hours prior to each test start-up and measured to obtain ~he 
instar desired. Second instar larvae were used for the first 
acute test and third instars were chosen for the second and 
third acute tests. The larger larvae were used to facilitate 
handling and ooservation under a dissecting microscope 
while in the test beakers. Second instar larvae were used 
for all chronic tests. The chosen larvae were held in petri 
dishes containing filtered lake water and algae until the start 
of each test. 

These bioassays were conducted in 50 ml pyrex beakers 
containing 30 ml of solution. Five larvae were transferred 
randomly to each beaker as soon as the alum (or control) 
solution had been added and a pH reading had been taken. 

For the chronic tests a substrate of the alga Selenastrum 
capricornutum was established in each beaker prior to ad­
ding solution. 

At the beginning of each test-specific conductance, car­
bon dioxide and methyl orange alkalinity were determined 
on the stock solutions. At the same time a sample of each 
solution was taken and filtered for a series of chemical 
analyses. At the conclusion of each test the contents of each 
test beaker were filtered, using 0.1 µm pore size filters, and 
acidified for dissolved aluminum analysis. 

The acute bioassays (Tests No. 1, 2, and 3) ran for 96 
hours, and tested alum doses of 80, 160, 240, 320, 480, 560, 
720, and 960 mg/I. The chronic tests (Tests No. 4 and 5) 
used doses of 10, 80, 240, 480, and 960 mg/I and ran for 
55 days. The larvae in the chronic tests were transferred to 
beakers containing fresh solution and algae when a yellow­
ing of the substrate was observed. 

Results 

The results of the acute bioassays indicate no apparent ef­
fect of alum on either second or third instar Tanytarsus lar­
vae. The larvae, including controls, were generally active 
throughout the test, exhibiting typical movements and food 
searching. 

The aluminum hydroxide "floe" layer, which ranged from 
a patchy 1 to 2 mm thickness to a solid 3 to 4 mm thick 
mat, appeared to have no detrimental effects on the larvae. 
This was supported by the fact the larvae used the floe 
materials to build the tubes they inhabited. 

The results of the chemical analyses performed on the 
acute test stock solutions appear in Tables 1 and 2. Of the 
parameters listed in Table 1, all except bicarbonate (HCO:J 
are fairly indicative of (filtered) Liberty Lake waters. The 
HC03 has been artificially raised by the addition of NaOH 
during the pH adjustment procedure. Of the parameters 
tested, only specific conductance, sodium (Na) and sulfate 
(S04) were observed to change with alum dose (Table 2). 

Other parameters analyzed for included dissolved oxygen 
(DO), pH, and dissolved aluminum. The DO measured at 
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Table 1. - Background water quality data for acute 
bioassays with alum (mg/I). 

Parameter Concentration Parameter Concentration 

Ca 5.0 ±.5 P04-P .008 ± .007 

Mg 1.2 ± .1 t-P .014 ± .006 
K 1.1 ± .3 N03 .070 ± .009 

Si02 4.3 ±.8 N02 .01 

Cl 1.4±.4 NH3 .019 ± .008 

HC03 30 ±5 C02 1.0 

Table 2. - Water quality data for acute bioassays with alum. 

Alum Conductivity" S04b 
Dose (µmhos/cm) (mg/I) 

c 73 ± 14 3.0 

80 124 ± 5 40 

160 206 ± 28 76 

240 287 ± 21 113 

320 360 ± 53 145 

400 437 ± 32 178 

480 501 ± 42 217 

560 570 ± 50 246 

720 710 ± 50 310 

960 840 ± 60 410 

a Average of Tests #1 and #2 for 560, 720 and 960 mg/I 
b Data from Test #1 
c Data from Test #2 

Nae 
(mg/I) 

10.5 

22.3 

38.4 

54.0 

68.0 

81.8 

93.6 

94.1 

109.2 

118.8 

the end of 96 hours in the Test No. 1 beakers was 5.5 ± .2 
mg/I. The mean pH was observed to drop in all acute tests 
from 7.71 (±.11) to 6.85 (±.15) over the 96-hour period. 
Dissolved aluminum was less than 0.1 µg/I at all alum doses. 

In the chronic bioassays mortalities were observed at all 
alum doses tested but with widely different rates of dieoff 
(Fig. 1). The time to reach 50 percent mortality was shortest 
with 480 mg/I at about 4 days. The mortality time for 80 mg/I 
and 240 mg/I was not significantly different (a = .05) and oc­
curred between 8 and 10.5 days. At 960 mg/I it took more 
than 23 days for 50 percent of the larvae to die. The 10 mg/I 

100 00 

>- 90 
I-
::::; 80 
~ 
a: 70 0 
::;; 
I- 60 
z w 
u 50 
a: 
w 
a. 40 10 
w 
~ 30 
I-
<( 

20 ...J 
::::> 
::;; 

10 ::::> 
u 

0 
5 10 15 20 25 30 35 40 45 50 55 

DAYS 

Figure 1.-Cumulative percent mortality with 95% confidence in­
tervals (when>50%) for chronic bioassays with Tanytarsus dissimilis 
in alum solutions (alum doses in mg/I). 
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dose showed less than 37 percent mortality at the end of 
55 days when the test was terminated. Although not shown 
on Figure 1, the combined control mortality was 5.4 percent. 

Prior to death, the larvae were generally active and were 
observed to build tubes and feed on the algal substrate. The 
floe layer appeared more dense than in the acute test 
beakers, probably because algae were trapped within it, but 
it tended to clump more than in the acute beakers. The 10 
mg/I beakers contained very little floe. 

The results of analyses performed on the chronic test alum 
solutions appear in Table 3. Additional testing indicated that 
the DO was 4.8 ± .2 mg/I one-half hour before the lights 
came on in the test chamber. The pH stayed fairly constant, 
with an overall average of 6.63 ± .32 obtained from initial, 
mid-test, and final readings in all doses. Soluble aluminum 
levels were again less than 0.1 µg/I in the test beakers. 

There appears to be some chemical toxicity at the lower 
levels of alum tested in these chronic bioassays, the effect 
being most evident at 480 mg/I. Also, the heavy alum floe 
in the 960 mg/I dose appears to cause mortalities after an 
extended time, possibly due to its inhibiting feeding and 
movement of the larvae. Additionally, some aspect of the 
test conditions seemed to cause a physiological stress which 
caused an overall lengthening of the larval development time. 
The accepted life cycle time for this species is 14 days at 
20°c (Nebeker, 1973). In this study no larvae pupated in 55 
days. 

The results of the chemical analyses performed on the 
alum toxicant solutions, including dissolved aluminum, show 
no variation to account for the observed chemical toxicity. 
As a result a chemical equilibrium computer model, called 
REDEQL 2, was used to determine the theoretical distribu­
tion of aluminum and other constituents in these solutions. 
This model uses the Newton-Raphson Iterative method to 
calculate equilibrium speciation given actual water chemical 
characteristics (McDuff and Morel, 1973). 

The results of this mathematical analysis indicated that 
aluminum is found in the seven forms shown in Figure 2. 
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Table 3. - Water quality data chronic test solutions. (mg/I unless otherwise noted) 
{C, 10, 80, and 480, Test #5; 240 and 960, Test #6). 

Alum 
Dose Cl HC03 C02 NH3 

c 2.7 29 .01 
10 1.9 28 .065 
80 2.3 29 .018 

240 2.1 32 .050 

480 2.3 .020 

960 31 .065 

This graph shows the concentration of aluminum compounds 
(as negative log of the molar concentration) with increasing 
alum doses. This graph indicates that after the silicate solid 
(Al2Si20 5(0H)4) is precipitated from solution the solid alu­
minum hydroxide controls the distribution of aluminum. This 
has in fact been substantiated experimentally (Robertson and 
Hem, 1969; Hem et al. 1973). It is unlikely that these solids 
cause the chemical toxicity observed. 

Because of the polymeric, positively charged nature of the 
alum floe (Hem and Robertson, 1967) negatively charged 
ions and particles may become absorbed and precipitated 
from solution. Some substances removed include phosphate 
ion (Hsu, 1975), colloidal solids, and organic compounds 
(Clark et al. 1977). This absorption could concentrate poten­
tially toxic materials directly above lake bottom organisms. 

The possible toxic or stress effects of DO, pH, 804 con­
centration, depth of water, crowding, and nutrition were ex­
amined, considering observed chronic test conditions. These 
were found from the literature not to be critical. No analyses 
were performed for organic compounds in the test solutions; 
however, it appears that some interaction between the alum 
and the algae or an algal byproduct produced the observed 
toxicity. This postulate is supported by the observed discrep­
ancy between the acute and chronic tests. Also algae are 
known to release a wide range of organic compounds in­
cluding growth-inhibiting substances that may affect other 
organisms (Hellebust, 1974). 

IN SITU TOXICITY OF ALUMINUM 
SULFATE TO RAINBOW TROUT 

The objective of this research was to determine the mortali­
ty or growth retardation of rainbow trout exposed to alum 
during the course of a partial alum treatment of Liberty Lake, 
Wash. Specifically, effects on fish exposed to a direct dose 
of aluminum sulfate and on fish exposed to the settled alum 
floe were determined. 

Methods 
Approximately 3,300 rainbow trout (Sa/mo gairdnen) approx­
imately 2.5 cm in length were placed in two floating cages 
on April 24, 1981. The cages were anchored in the northwest 
section of the lake (Fig. 3). The cages (2.4 m long, 1.2 m 
wide, .9 m deep) were constructed with galvanized conduit 
frames and covered with 0.6 cm mesh nylon netting. The 
hinged tops of the same construction covered all but a small 
area under the feeder. An automatic timed feeder on top of 
each cage delivered feed in the amount and frequency 
recommended by the feed manufacturer. Dead fish were 
removed and additional feed was hand fed daily. The auto­
matic feeders were checked and replenished weekly. 

On May 21 the. fish were equally apportioned into three 
cages (A = direct dose, B = floe exposure, C = control) and 
the fish were sampled for length and weight. On May 25 the 
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Figure 3.-Liberty Lake, Wash. showing area of May 1981 alum 
treatment. 

feeders and hinged tops were removed and nylon netting 
was laced over the tops. Cage A was then towed to the treat­
ment zone (Fig. 3), the styrofoam floatation was removed 
and the cage was sunk to the bottom in 4 m of water. Cage 
C (control) was towed for an equivalent 2 hours and then 
sunk in the northwest section of the lake on May 26. The 
alum treatment began on May 26 and was completed on 
May 27. The alum was mixed with water in flumes on the 
boats and applied to the surface of the water as a slurry. 
During the course of the alum treatment the boats made 
several passes near (within 5 m) of Cage A and one pass 
was made directly over the cage. Cage B was towed to the 
treatment area and sunk near Cage A on May 27 after com­
pletion of the treatment. 

Divers checked the cages for mortality on May 28 and 1 
kg of feed was hand fed. On May 30, 400 g of feed were 
hand fed to each cage. Cages A and B were raised and tow­
ed to the original northwest location on June 3. Ideally, these 
cages would have been left in the treatment area but 
previous experience indicated that the probability of van­
dalism was high in this area. On June 4 the control cage 
was raised, towed, and anchored near A and B. The fish 
were hand fed and the automatic feeders reattached at this 
time. The feeders were calibrated to 25 percent excess of 
the recommended daily feed rate to assure there was no 
food-limiting growth retardation. Thereafter, feeder operation 
and fish length and weight were checked weekly and mor-
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tality checked every other day. On July 8 and 9, 200 fish 
were sampled for length and weight; 100 fish were retained 
in each cage and the remainder were fin clipped to identify 
treatment cage and released. The released fish were to be 
recaptured by angling in the fall and the differential survival 
was to be used to estimate the treatment effect. 

Results 
The mortality prior to treatment was generally Jess than 1 
percent per week (Table 4) and showed a decreasing trend 
over this acclimation period. This was well below the general­
ly accepted limit of 1 O percent tor control mortality before 
and during toxicant testing. 

No mortality was observed in either Cage A or B during 
the treatment period while the cages were on the bottom 
and only one mortality was observed in Cage C. The fish 
fed eagerly during this period indicating they were not greatly 
stressed. 

During the post-treatment period when sub-lethal effects 
should have been seen the number of mortalities did not 
increase significantly compared to those observed in the con­
trol cage. The experimental fish were to be held as long as 
possible for post-treatment observation; however, by July 8 
the surface water temperature was 20°C and was not ex­
pected to peak until August, based on previous years' data. 
As a result this date was used as the cut-off date for the 
post-treatment period. 

The post-release mortality increased sharply in Cage A 
from July 16 to August 5 (Table 4). This increased mortality 
may have been caused directly by disease that occurred ran­
domly in Cage A or to an effect of direct alum exposure. 
The indirect probable cause, however, was the increase in 
surface water temperature from 22.5 to 25°C during this 
period. 

The lethal temperature limit (100 percent) for the Kamloops 
strain of rainbow trout used in this experiment is 25. ?°C when 
acclimated at 11°C. Fifty percent mortality is at 24°C (Black, 
1953). Subcritical high temperature may also cause mortality 
by reducing a fish's resistance to disease or other stress. 

The mortality in Cage A was obviously not caused solely by 
high temperature because all three cages of fish were ex­
posed to the same temperature. The high mortality of Cage 
A may have resulted from disease and its high occurrence 
in Cage A simply a random event. The dead fish deteriorated 
rapidly at the high temperature but those that had not decom­
posed when removed showed no obvious external symp­
toms of disease. 

The increased mortality of Cage A may have been a result 
of the alum exposure. If, for example, the alum had caused 
gill damage those fish would not be able to survive as well 
at increased temperature and reduced dissolved oxygen. 
However, a microscopic examination of gill filaments and 
lamella of deceased fish showed no difference between A, 
B, or C fish. This does not exclude the possibility of some 
physiological damage. 

If the fish in Cage A were affected by the alum treatment 
to the point of increased mortality at high temperature it 
should also be expressed as reduced growth during the post­
treatment observation period. We observed no apparent 
decrease in weight or length gain of acute treatment fish 
when compared to Cage B or Cage C fish (Fig. 4). The mean 
weight and/or length of Cage A fish were significantly greater 
for the July 8 and August 18 measurement periods than 
Cage B or Cage C fish. The actual difference, however, is 
slight and is probably well within cage to cage variation. The 
major source of this variation is the feeder and although every 
effort was made to deliver the same amount of feed to each 
cage some discrepancy occurred because of battery failure 
and mechanical malfunctions. 

Attempts to recapture the treatment fish by angling in Oc­
tober of 1981 were unsuccessful. As a result a creel cen­
sus was conducted on the opening day of fishing season 
in 1982. This effort was unsuccessful as well, with only two 
recaptures from Cage A, four from Cage B, and one from 
Cage C. 

The alum treatment exposed the fish to ~· i aluminum con­
centration slightly greater than those suggested by Freeman 
and Everhart (1971) but the exposure was very brief. The 

Table 4. - Mortality for experimental fish 

Pre-treatment No. mortality Approximate % mortality 

April 25 - May 1 61 2 
May 2 - May 8 27 
May 9 - May 15 11 
May 16 - May 22 1 1 
May 23 - May 26 0 0 

Cage % Weekly mortality 
Treatment period A B c A B c 
May 26 - June 4 0 0 0 0 .1 

Post-treatment 

June 5 -June 11 2 8 6 .2 .8 .6 
June 11 - June 18 4 4 0 .4 .4 0 
June 19 - June 25 0 4 0 0 .4 0 
June 26 - July 2 8 16 26 .8 1.6 2.6 
July 3 - July 8 2 16 31 .2 1.7 3.2 

Post-release 

July 9 -July15 0 0 0 0 0 0 
July 16 - July 22 45 2 0 30 2 6 
July 23 - July 29 29 9 6 28 10 3 
July 30 - August 5 19 3 25 3 
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Figure 4.-Mean lengths and weights with 95% confidence intervals of fish exposed to an aluminum sulfate treatment (A = dosed, B = 
exposed to floe, C = control). 

actual aluminum concentration measured immediately after 
alum treatment was .07 mg/I which is only slightly higher 
than the background concentration (Gibbons, 1981). 

CONCLUSIONS AND IMPLICATIONS FOR 
LAKE TREATMENTS 

Lake alum treatments have been performed using a wide 
range of alum doses (Dunst et al. 1974). Some of these 
treatments used alum in the range of doses causing toxici­
ty in the bioassays with Tanytarsus larvae. However, a 
number of factors would tend to mitigate these effects in 
natural aquatic environments. The predominant hardness­
causing ions for instance, can compete with Al+3 for both 
organic and inorganic ligands and decrease the tendency 
to form soluble complexes (Stumm and Morgan, 1970). If 
an algal byproduct peculiar to Selenastrum is in fact caus­
ing or contributing to mortality it is unlikely that this would 
be found in significant enough amounts in a diverse lake 
system to be a problem. 

The physical toxicity, however, could be a factor regardless 
of dose. A heavy floe layer may not be a problem for already 
established larvae with a normal development time, but a 
substantial floe layer could inhibit pupae from reaching the 
surface and the deposited eggs from reaching the sediments. 

Concerning the trout study, no acute toxicity was seen with 
rainbow trout exposed directly to 0.9 mg/I of aluminum as 
aluminum sulfate or to those fish exposed to the settled alum 
floe. There was also no apparent chronic effect of the alum 
exposure over a 1-month post-treatment observation period, 
as measured by comparative lengths and weights. 

Both of these studies point to the importance of thorough 
planning before lake alum treatments are performed. Not 
only must the limnological character of the water to be treated 
be well understood, but the time (season) when a treatment 
is to be made may be an equally important factor. Thus a 
late tall alum application would find most benthic insects dor-
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mant or at low levels of activity, and the resident trout popula­
tion unstressed by high temperatures and more able to avoid 
any harmful effects caused by alum exposure. 
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WATER QUALITY MANAGEMENT STRATEGY FOR LAKE 
OKEECHOBEE, FLORIDA 

FREDERICK E. DAVIS 
J. STEVE REEL 
South Florida Water Management District 
West Palm Beach, Florida 

ABSTRACT 

Lake Okeechobee, a large (1,732 km2), shallow (Z = 2.5 m) lake in south central Florida, is the major 
surface water reservoir for the region and a significant natural resource. The limnological characteristics 
of the lake as determined by systematic monitoring since 1973 are hard water, turbidity, and high primary 
productivity. The lake is classified as eutrophic based on classic critical water chemistry values for nutrients 
and other parameters. Analysis of N:P ratios and primary production limiting factor studies by other resear­
chers suggest that both N and P may be potentially limiting at different times and locations in the lake. 
Although the lake is subtropical with potentially high internal loadings, a modified version of the Vollenweider 
(1976) model fits the lake well. The model indicates that current N and P loadings are 31 and 37 percent 
above the excessive loading rate. Substantial uncontrollable atmospheric loadings will require up to 90 
percent load reductions in some basins when the total excessive loads are allocated on an areal basis. 
Various structural and best management practices were evaluated for implementation to reduce the Total 
N and Total P loads in each basin to its areal allocation in a cost-effective manner. These analyses resulted 
in two completely different management strategies in the two major problem watersheds to the lake. Best 
management practices are being implemented in one of the watersheds through a Rural Clean Waters 
Program administered by Federal agencies in cooperation with the South Florida Water Management District, 
State and local agencies, and landowners. In the other major watershed, an approximate 128 km2 former 
freshwater marsh will be diked off and restored by detaining runoff generated in the watershed for later 
use by agricultural and other water users in the area. 

INTRODUCTION 

General Overview 

This report summarizes the South Florida Water Manage­
ment District's efforts to develop a water quality manage­
ment strategy for Lake Okeechobee, Florida which is cur­
rently classified as eutrophic and stressed by high nonpoint 
source nutrient loadings. The strategy calls for reducing 
phosphorous and nitrogen inputs to Lake Okeechobee in 
two priority watersheds. Both short-term actions (such as a 
modified pumping schedule for the Everglades Agricultural 
Area (EM) which would include both drought and flooding 
considerations) and long-term solutions (requiring con­
siderable implementation time) are proposed. 

Army Corps of Engineers tn the 1950's and 1960's and cur­
rently operated by the South Florida Water Management 
District. The lake is a substantial multi-use resource and is 
managed as a drinking water supply reservoir, flood control 
reservoir, agricultural irrigation supply, recreational and com­
mercial fishery, and general aquatic wildlife habitat. 

Goals 
Historically, the primary goals of the District have been to 
minimize flooding during periods of excess rainfall and to 
maximize water supply capability to alleviate periodic 
drought. Now a third major goal of equal importance is pro­
posed: to maintain and improve water quality. Implementing 
a water quality management strategy for Lake Okeechobee 
would be a major step toward achieving that goal. For Lake 
Okeechobee, then, the primary water resource goals are (1) 
minimize the impacts of flooding during periods of excess 
rainfall, (2) maximize water supply storage, and (3) improve 
the water quality of Lake Okeechobee. 

FINDINGS AND CONCLUSIONS 

General Water Quality and Trophic State 
Lake Okeechobee, centrally located in the Florida peninsula, 
ranks (after Lake Michigan) as the second largest freshwater 
lake in the United States. The lake is part of an extensive 
water resource management system constructed by the U.S. 
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The water quality of the lake and its major tributaries has 
been monitored extensively by the District since 1973. This 
monitoring indicates that the lake is a eutrophic, highly 
mineralized hard water lake. Dissolved oxygen concentra­
tions are high because of high gross primary productivity 
and good reaeration. However, the average nutrient (nitrogen 
and phosphorus), Sacchi depth, and chlorophyll a concen­
tration are all well above the accepted critical values for 
eutrophic lakes as shown in Table 1. Analysis of the current 

Table 1. - Trophic state evaluation. 

Parameter L. Okeechobee Critical 
annual means values 

Ortho P (mg/1)1 0.005-0.045 0.010 

Total P (mg/1)1• 2 0.049-0.097 0.020-0.040 

Inorganic N (mg/1)1 0.08-0.26 0.30 

Total N (mg/1)2 1.45-2.62 0.90 

Sacchi depth (m)3 0.5-0.7 2.0 

Chlorophyll a (mglm3)2· 4 19.0-27.0 6.0-10.0 

Trophic state index (TSl)4 62.7-65.0 53 

TP loading rate (g/m2yr)2 0.127-0.443 0.20 

TN loading rate (g/m2yr)2 1.80-5.05 2.75 

1 Vo!lenweider, 1968. 

2 Kratzer, 1979. 
3 U.S. Environ. Prot. Agency, 1974. 

' Carlson, 1977. 
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nitrogen and phosphorus loadings to the lake, using a 
modified version of the 1976 Vollenweider input/output model 
recalibrated to Florida lakes, indicated that the current loads 
for both nitrogen and phosphorus are more than sufficient 
to sustain a eutrophic condition. 

Analysis of Tributaries and 
Nutrient Sources 

Locations of the various inflow points and their tributary areas 
are shown in Figure 1. Table 2 provides a summary of water 
~nd nutrient inputs to Lake Okeechobee based on seven 

Figure 1.-Lake Okeechobee study area. 

Table 2. - Percent summary of water, phosphorus and 
nitrogen inputs to Lake Okeechobee. 

Total Total 
Inflow Water% phosphorus % nitrogen% 

Rainfall 38.8 16.7 24.3 
Kissimmee River 30.9 20.3 24.6 
Fisheating Creek 5.8 9.8 7.0 

S-2 5.6 5.3 18.8 
S-71 4.9 9.0 6.3 
Taylor Creek/ 

Nubbin Slough 
(S-191) 4.4 28.5 5.8 

S-84 4.0 1.9 3.1 
S-3 1.6 1.1 4.5 
S-72 1.1 1.7 1.6 
8-4 1.0 2.2 1.7 
S-133 & S-135 1.0 1.7 1.1 
S-127, S-129 & 

S-131 0.8 1.6 0.8 
Other inflows 0.1 0.2 0.4 
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years of data. As indicated in the table, the Taylor Creek/Nub­
bin Slough basin (S-191) contributes a disproportionate 
amount of total phosphorus compared with its flow input. 
Similarly, the S-2 basin shows an analagous situation for total 
nitrogen. . 

Application of the modified Vollenweider model to Lake 
Okeechobee indicates that to meet the excessive loading 
rates for total phosphorus and total nitrogen, the average 

. annual loading of total phosphorus must be reduced by 40 
percent and that of total nitrogen by 34 percent. 

It is clear from Table 2 that the most reasonable approach 
to achieve these overall nutrient reductions would be to first 
address those watersheds that contribute disproportionate 
nutrient loads compared with their flow inputs. This was ac­
complished by ranking the watersheds in Table 2 in terms 
of excessive total phosphorus and total nitrogen loadings. 

Before the ranking was determined, however, two addi­
tional guidelines were necessary for the evaluation. First, 
rainfall was considered a "noncontrollable" nutrient source. 
Second, the Upper Kissimmee Chain of Lakes (upstream 
of S-65) and Lake lstokpoga (upstream of S-68), receiving 
waters themselves, are therefore also considered noncon­
trollable sources until water quality criteria are developed for 
their watersheds. 

With these guidelines in mind, two different methods were 
employed t6 determine the relative watershed ranking. One 
was to rank them according to drainage area (amount of 
nutrient contributed per square mile of area drained) and the 
other was based on annual inflow to Lake Okeechobee 
(amount of nutrient contributed per acre-foot of water 
discharged). Both methods ranked the Taylor Creek/Nub­
bin Slough basin (S-191) number one. The S-2 basin was 
ranked in the second position with each method. Further­
more, the top seven watersheds were the same for both 
methods, although the order differed slightly for positions 
three through seven. 

Table 3 presents nutrient loading data for the seven 
highest ranked (priority) watersheds. Management actions 
in these watersheds to achieve the desired load reductions 
would meet the total overall target load reductions of 40 per­
cent total phosphorus and 34 percent total nitrogen. Further, 
it is significant to note that actions taken in the Taylor 
Creek/Nubbin Slough basin (S-191) and the Everglades 
Agricultural Area (S-2 and S-3) to achieve load reductions 
in those areas would accomplish approximately 70 percent 
of the total overall desired load reductions. 

After the basin ranking was determined, the next step 
toward developing long-term solutions was to determine the 
nutrient sources within each watershed. Based on land use 
loading rates from previous and ongoing studies and land 
use/land cover data, average annual loadings for various land 
uses were calculated for each watershed. It was not surpris­
ing to learn that, in the 500 km2 Taylor Creek basin, dairies 
and improved pasture are the dominant land uses and con­
tribute most of the total phosphorus and total nitrogen loads 
from those watersheds. In the 700 km2 S-2 and S-3 basins 
soil type and land use (of which vegetables and sugarcan~ 
a~e the majority) are the dominant factors controlling the total 
nitrogen and total phosphorus loadings to the lake. The 200 
km2 S-4 basin is approximately half improved pasture and 
half sugarcane. It is also noteworthy that natural areas con­
stitute a significant percentage (in excess of one third of the 
C-38, Fisheating Creek, and S-71 watersheds. Essentially, 
these natural areas appear to be assimilating a portion of 
the nutrient loads coming from the more intense land uses 
such as improved pasture. 

Evaluation of Alternatives 

A wide range of technical alternatives was considered dur­
ing the evaluation process. These alternatives included: 
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Table 3. - Desired load reductions for priority watersheds. 

Watershed Current Total P load Desired Total P reduction1 Current Total N load Desired Total N reduction1 

% for 

Tons Tons Watershed 

Taylor Creek/ 
Nubbin Slough 
(S-191) 

S-2 
S-3 
Kissimmee 

River (C-38) 

Harney Pond 
Canal (S-71) 

Flsheating Creek 

8-4 

Totals 

189 

35 
7 

108 

47 

65 
15 

466 
(655)2 

1 Based on drainage area load allocation. 

168 

17 

33 

28 

14 
8 

268 

2 Total load from all sources including rainfall, upper Kissimmee chain of Jakes, 
Lake lstokpoga, & other minor sources. 

'Overall target reduction levels based on Tech. Pub. 81-2. 

89 

49 

31 

60 

22 
53 

1. Regional and sub-regional storage of runoff in each ma­
jor tributary area. 

2. Diversions of flow to other basins from selected 
tributaries. 

3. Conventional and reverse osmosis (RIO) treatment 
plants. 

4. A number of Best Management Practices (BMPs) in­
cluding on-site runoff storage. 

Costs, nutrient reduction potential, and the impact on Lake 
Okeechobee's water budget were determined for each alter­
native within the seven priority watersheds except the Kissim­
mee River and most of the BMPs. Several options for reduc­
ing nutrient loads are now being considered by the U.S. Ar­
my Corps of Engineers for the Kissimmee River through their 
restudy of that watershed. Since this effort is still underway, 
it was deemed inappropriate to completely analyze Kissim­
mee River alternatives. It was determined that quantitative 
evaluation of BMPs (except on-site storage of runoff) could 
not be performed because of inadequate information regar­
ding their nutrient removal effectiveness. These BMPs are 
common sense management techniques that could be us­
ed in conjunction with on-site storage to reduce off-site 
nutrient loadings, as more data become available regarding 
their nutrient treatment efficiencies. 

The various alternatives were ranked according to cost 
effectiveness (capital cost/amount of nutrient removed) for 
each major watershed, then screened using the guidelines 
and goals developed during the study. This process resulted 
in a set of preferred alternatives depicted in Table 4. The 
alternatives listed are the least-cost options that meet the 
guidelines. Essentially, the proposed alternative in the Taylor 
Creek basin involves on-site management of runoff by the 
use of BMPs listed in Table 5 to achieve the desired load 
reductions for individual land uses. This approach was 
selected because: 

1 . It was the least costly alternative that also met all the 
study guidelines. 

2. Available data demonstrate this option has an excellent 
potential for achieving high nutrient removal efficiencies. 

3. BMPs can be combined with current drainage practices 
with minimal impact on overall farming operations. 

4. An institutional framework capable of implementing this 
alternative already exists. 
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% of % for % of 
Total Tons Tons Watershed Total 

25.6 479 302 63 3.7 

2.6 1548 1392 90 17.1 
373 278 75 3.4 

5.0 997 354 36 4.3 

4.3 323 158 49 1.9 

2.1 575 141 25 1.7 
1.2 142 80 56 1.0 

40.8 4437 2705 33.1 
(40)3 (8148)2 (34)3 

In the EAA (S-2 and S-3), regional storage and water 
recycling using the state-owned "Holeyland" is the propos­
ed alternative. 

There are several reasons for using this option: 
1. Regional storage and water recycling is the least-cost 

alternative that also meets the guidelines established dur­
ing the study. 

2. Regional storage of runoff in the Holeyland provides 
an additional water storage area for meeting a portion of the 
water supply demands on Lake Okeechobee and WCA-3. 

3. Regional storage has a greater probability of achiev­
ing nitrogen load reductions to Lake Okeechobee than on­
site storage since runoff would be physically diverted away 
from the lake; otherwise it would be treated to some degree 
and released back to the system through on-site storage. 

4. Considerable preliminary work has already been ac­
complished regarding the Holeyland storage concept through 
both the Special Project to Prevent the Eutrophication of Lake 
Okeechobee and current activities of the Army Corps. 
Specifically, the Holeyland area is being examined as a 
possible additional water storage area in the Corps' Water 
Supply Study for South Florida. 

RECOMMENDATIONS 

General Management Strategy 

Implementing management actions in the Lake Okeechobee 
region is a very ambitious endeavor; therefore, it is propos­
ed that a phased approach over a number of years be us­
ed. Phase 1 consists of the following elements: 

1. Initiation and construction of the Holeyland project in 
the EAA. 

2. Acceleration of implementation of BMP programs in the 
Taylor Creek/Nubbin Slough watershed. 

3. Implementation of an expanded regulatory program that 
includes water limitations for any new construction of 
drainage systems in all areas tributary to Lake Okeechobee. 

4. Continuation and completion of the Kissimmee River 
Survey Review. 

U~til the.Holeyland project is in place and operational, an 
Interim Action Plan will be in effect. The Plan uses the flex­
ibility of the EAA water control system to reduce nutrient 
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Table 4. - Summary of preferred alternatives. 

Total P reduction Total N reduction Net water losses 
% of total Capital cost with controls with controls 

Lake inflow 
Watershed Alternative $million Tons % of total Tons % of total Acre-feet 

Taylor Creek/ On-site 13.2 169.8 25.9 302.7 3.7 18,000 0.5 

Nubbin Slough management 
(S-191) 

S-2 & S-3 Regional 14.5 38.2 5.8 1724.6 21.2 90,6001 2.6 

storage on 
Holey land 

Harney Pond On-site 9.1 28.8 4.4 189.4 2.3 15,000 0.4 

Canal (S-71) management 

Fisheating On-site 12.9 30.8 4.7 213.4 2.6 20,900 0.6 

Creek management 

S-4 On-site 9.4 4.6- 0.7- 44.8- 0.5- 5,000 0.1 

management 7.7 1.2 74.6 0.9 

Kissimmee On-site 30.9 40.7 6.2 493.2 6.1 67,800 1.9 

River management 
(C-38)2 

Totals 90.0 312.9- 47.8 2968.1- 36.4- 217,300 6.1 

316.0 48.2 2997.9 36.8 

1 Irrigation demands on Lake Okeechobee would be reduced by about 60%; hence, the net loss of water would be 
approximately 90,600 AF instead of the total amount of flows diverted away form the lake (approximately 226,500 AF). 

2 This is only one of many alternatives currently being considered by the U.S.A.C.E. under the restudy of the 
Kissimmee River and has not been selected as the least cost alternative. The figures are presented for 

comparative purposes only. 

loads to Lake Okeechobee by pumping excess floodwaters 
south to the Water Conservation Areas rather than north to 
the lake. This project is expected to take 5 years. 

In the summer of 1981 the Okeechobee County 
Agricultural Stabilization and Conservation Service (ASCS) 
was awarded a $1.4 million Rural Clean Waters Program. 
This program is designed to help defray the cost of im­
plementing BMPs in the Taylor Creek watershed. Additional­
ly, the State of Florida has appropriated $400,000 for a Taylor 
Creek Headwaters Project which essentially parallels the 
Rural Clean Waters Program. By directly administering the 
Taylor Creek Project and working closely with the ASCS, 
the District expects that a substantial portion of the water­
shed will experience water quality benefits from BMPs in the 
next 5 years. Also, continued cooperation with the Corps of 
Engineers and other agencies involved will assure comple­
tion of the Kissimmee River Restudy at an early date. 

Table 5. - List of potential best management practices. 

1. Treatment of barn, feedlot, and holding area stormwater runoff 
by using oxidation/polishing lagoons. 

2. Improved fertilizer management - by using soil testing and plant 
analysis to avoid overapplication of fertilizer, timing and placement 
of fertilizers to maximize plant uptake. 

3. Biological nutrient removal - use of vegetated swales, ditches, 
and/or shallow grassed waterways. 

4. Dragging pastures and redistribution of barn and feedlot waste 
to pasture areas. 

5. Improved pasture management by rotating grazing areas and 
periodically changing vegetative cover. 

6. Fencing of waterways, in conjunction with appropriate place­
ment of salt, minerals, feed supplements, shaded areas, and watering 
trough and tank sites away from waterways. 

7. Conversion of barn and feedlot waste to methane gas for local 
use. 

8. Biological nutrient removal - use of water hyacinths in temporary 
runoff storage lagoons for nutrient uptake. 
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Throughout the District, this agency presently regulates 
existing and new agricultural and urban surface water 
management systems. It is proposed to broaden the 
regulatory activity to include water quality requirements for 
new agricultural activity in areas tributary to Lake 
Okeechobee. This will help prevent an increase in nutrient 
loadings to the lake from the surrounding areas. New con­
struction would include modifications to existing systems (due 
to more intensive land use or development of raw land) for 
agricultural and urban purposes. Finally, Phase 1 includes 
continuation of the District's existing water quality monitor­
ing program for Lake Okeechobee and the basins tributary 
to it. 

The conclusion of Phase 1 will mark a major milestone 
and a "fork in the road." At that time, progress toward im­
plementation of management actions will be assessed to 
determine what steps will be necessary in Phase 2. Among 
the issues to be considered under Phase 2 are the following: 

1. Should the District's current regulatory program be ex­
panded to include water quality control requirements for ex­
isting drainage systems in order to achieve compliance with 
the load allocation? · 

2. How much further reduction in nutrient loading is 
necessary from the tributaries other than S-191, S-2, and 
S-3? 

3. How effective have the management actions already 
taken been in improving water quality? 
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A COMPARISON OF THE COSTS OF HARVESTING AND HERBICIDES 
AND THEIR EFFECTIVENESS IN NUTRIENT REMOVAL AND CONTROL 
OF MACROPHVTE BIOMASS 
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ABSTRACT 
Mechanical harvesting and herbicide treatment with Diquat and Cutrine-Plus were compared in side-by­
side test plots in East Twin Lake, Ohio to evaluate their costs and their effectiveness in controlling plant 
biomass and in removing lake nutrients. After two treatments the biomass in the harvested plot was 
significantly reduced and was significantly less than the biomass in the control plot. The biomass in the 
chemically treated plot followed the same seasonal growth pattern as the control plot because treated 
plants were replaced by other species. Forty-six to 100 percent of the annual net loading and 13 to 22 
percent of the annual gross loading of P to East Twin Lake for 1972-1976 could have been removed by 
harvesting 50 percent of the littoral area. Chemical treatments do not remove plant nutrients. The initial 
year costs of harvesting and herbicide treatment were identical. Harvesting would be far less expensive 
in subsequent years. 

INTRODUCTION 
Any lake in which there is an accumulation of rich littoral 
sediments has the potential of being plagued with a nuisance 
growth of macrophytes. Anatomical differences among 
submerged macrophytes, specifically the presence or 
absence of root systems, determine the physical medium 
from which these plants extract their nutrients. Although there 
seems to be no morphological or anatomical reason why 
shoots or roots should not absorb solutes (Denny, 1980), 
plants with roots extract a high percentage of their needed 
growth nutrients from the sediments (Carignan and Kalff, 
1980; Barko and Smart, 1980). Those without roots fulfill 
nutritional needs by absorbing nutrients from the water (Den­
ny, 1972). 

Regardless of the source, these nutrients along with 
dissolved and particulate organic matter will be released in­
to the water column as plants decompose. Oxidation of the 
plant detritus may bring about an oxygen deficit and cause 
further release of nutrients from reduced sediments. This 
enrichment of lake water with nutrients can stimulate the 
growth of algae and more macrophytes. Thick beds of 
macrophytes will also accelerate accretion of the littoral zone 
as their tissues accumulate at the sediment surface after 
senescence. Further discussion of this important positive 
feedback system is found in Wetzel (1975) and Rich and 
Wetzel (1978). . 

The result of macrophyte decompositi?n is not the !11.~in 
concern of lake users. Their interest lies in the accessibility 
of the lake tor fishing, swimming, and boating. H~wever, both 
of these views emphasize the need for ecologically sound 
management of macrophytes. . . . 

The most common method of treating nuisance aquat1~ 
plants is to apply herbicides. Although they may temporari­
ly retard a macrophyte nuisance, herbicides have the follow­
ing drawbacks, as listed in Conyers and Cooke (1982): 

1 . Plants release nutrients u~n death and decomposi­
tion (Simsiman et al. 1972; Moms and Jarman, 1981); 

2. Oxygen is depl~ed at the sedi.ment surface by microbes 
that colonize decaying plants; this may be followed by a 
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release of nutrients from these fertile sediments (Simsiman 
et al. 1972; Rich and Wetzel, 1978; Carpenter and Greenlee, 
1981); 

3. Herbicides can be toxic to nontarget species (Ander­
son, 1981); 

4. Some plant species may be tolerant to the herbicide 
(McKnight, 1981); 

5. Some herbicides are suspected to be mutagenic and/or 
carcinogenic (Shearer, 1980; Valencia, 1981); and 

6. The waiting period (10 or more days in some cases) 
following the use of many herbicides interferes with the 
recreational use of the lake. 

Because herbicide use has these drawbacks, other 
methods of macrophyte control are being sought or re­
fined. Harvesting is one of these. A mechanical harvester 
is a machine that cuts aquatic plants to a maximum depth 
of 1.52 m (5 ft.) and removes them from the water before 
nutrient release, and oxygen consumption following plant 
death can occur. Drawbacks to harvesting can include: 

1. Stimulation of an algal bloom; 
2. Physical disruption of the environment and resuspen­

sion of sediments; 
3. Removal of young fish; 
4. Habitat removal for epibiota and macroinvertebrates; 

and 
5. High initial cost. 
We compared mechanical harvesting with the use of 

chemicals. The purposes of our study were (1) to evaluate 
and compare the efficacy and cost of these two methods 
of macrophyte control; and (2) to determine the optimal time 
to harvest the largest quantity of plant nutrients. 

The study was done on East Twin lake in Kent, Ohio (see 
Cooke et al. 1978 for a description of these mesotrophic 
glacial lakes). East Twin Lake has an area of 26.9 hectares 
(66 acres) with an extensive littoral zone of 11.7 hectares 
(28.9 acres). The predominant plant species in the study area 
were Potamogeton crispus (curly-leaf pondweed) in the 
spring, Ceratophyl/um demersum (coontail) throughout the 
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summer, and Chara (stonewort) in late summer and early 
fall. There were patches of Nymphaea (water lily), 
Myriophyllum (water milfoil), Najas, and Potamogeton foliosus 
throughout the summer. 

METHODS 
Three 810 m2 (0.2 acres) study plots 20 m apart were 
marked with floating buoys .. The depth of the water in the 
plots was approximately 0.5 m at the shore end increasing 
to 1.6 m at the deep end. The mean water depth was 1.1 
m (3.5 ft). Plant species composition was similar in the three 
plots, except Nymphaea was absent in the control plot. Most 
of the sediment within the plots (approximately 85 percent) 
had dense plant coverage and the remaining 15 percent was 
sparsely covered or void of vegetation. 

Sampling began on June 6, 1981, and continued until Oc­
tober 3, 1981. Three random 0.25 m2 samples were taken 
weekly from each plot, using scuba. In the laboratory the 
plants. were washed, dried, weighed, and ashed to deter­
mine the weekly standing organic biomass in each plot. After 
the dried plant material had been ground and thoroughly 
mixed, three sub-samples were taken to determine the P 
content of the plant tissues (Andersen, 1976). 

Following tour weeks of pre-treatment sampling the 
treatments began. On June 28 plants were harvested with 
an Aquamarine Chub Harvester (Waukesha, Wis.) and 
removed from Plot A. This machine cuts to a maximum depth 
of 1.5 m (5 feet). The biomass of the harvested plants from 
Plot A amounted to 65 kg. dry weight (143 lbs.). This was 
a large pickup truck load when wet. Seven weeks later 
(August 18) this plot was harvested again and 3.8 kg. dry 
weight (8.4 lbs.) of plants were removed (a small wheelbar­
row load). 

The middle plot (B) was kept as a control and sampled 
weekly to observe the natural seasonal succession of plants 
and plant biomass. 

The third plot (C) was treated with a tank mix of the 
algaecide Cutrine-Plus and the herbicide Diquat. The 
chemicals were applied at 0600; surface water temperature 
was 28.3°C (83°F) and the lake was calm. We mixed the 
chemicals in an 8-liter hand sprayer and slowly rowed back 
and forth spraying the entire surface of the 810 m2 (.2 acre) 
plot. The chemicals and their dose were chosen and applied 
following consultations and recommendations of Applied 
Biochemists, Inc., Mequon, Wis. The dose of Cutrine-Plus 
was 1.2 gal./acre-foot; the dose of Diquat was 1.4 gal./acre­
foot (Applied Biochemists, Inc., 1976). The total amounts of 
chemicals applied were 0.84 gal. (3.6 I) of Cutrine-Plus (.2 
surf. acres x 3.5 ft. mean depth= 0.7 acre/ft.; 1.2 gal./acre 

ft. x 0.7 acre ft.= 0.84 gal.) and 0.98 gal. (3.7 I) of Diquat 
(1.4 gal./acre ft. x 0.7 acre ft.= 0.98 gal.). Inclement weather 
prevented treatment until July 3. 

Two weeks after the treatment the biomass samples were 
not reduced nor could we observe any other effect of the 
treatment. Therefore, the chemicals were reapplied. After 
both applications, use of the lake was restricted for 10 days 
(following the Diquat manufacturer's warning). Within 2 
weeks after the second treatment we observed the sub­
merged species (Ceratophyllum) settling to the sediment and 
breaking apart. 

The early application of the second chemical treatment 
created uneven intervals of time between the chemical and 
the harvester treatments (Table 1). As a result, the pre­
treatment, post-treatment 1 and post-treatment 2 biomass 
data from the harvest and chemical plots were graphed 
separately. The biomass tor each time interval (pre, post-1, 
and post-2) was compared to the biomass in the control plot 
tor corresponding periods of time (Fig. 1). 
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Figure 1.-Pre- and post-treatment biomass of aquatic macrophytes 
(gms. dry wt./m2) in control, harvested, and chemically treated plots 
in East Twin Lake, Ohio. A = harvest plot, B = control plot, 
C = chemical plot. Depth of water in shallow sampling area ranged 
from 0.5 to 1.0 meters; in deep area, 1.0 to 1.6 meters. 

Table 1. - Catalog of sampling intervals and number of biomass samples for harvested (A) and chemically 
treated (C) plots. 

Total 
Number number of 

Treatment of weeks biomass samples Shallow Deep 

Plot A 

Pre-treatment 4 12 7 5 
Post-treatment 1 6 18 10 8 

Post-treatment 2 6 18 6 12 

Plot C 

Pre-treatment 4 12 7 5 
Post-treatment 1 2 6 3 3 
Post-treatment 2 10 30 13 17 
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Table 2. - Statistical analysis of pre- and post-treatment biomass samples (gms. dry wt./m
2
). 

A. Results of Student's t-test tor pre- and post-treatment analysis within each plot. Pre-treatment values are the mean of samples 
taken from weeks 1-4. Post-treatment samples are the mean of samples from weeks 13-16. 

Plot Harvest Control Chemical 

Pre-treatment 

Mean 109 167 193 

S.E. 30 24 40 

Post-treatment 

Mean 24 196 141 

S.E. 8 69 25 

d.f. 22 22 22 

Ho: µ pre = µ post P<.05 P>.10 p>.25 

B. Results of one-way ANOVA among plots tor pre- and post-treatment biomass (gms·dry wt·/m2). 

Source of Sums of 
variance squares d.f. 

Treatments 44615.4 

PRE Error 410146.9 

Total 454762.3 

Treatments 185014.4 

POST Error 757547.2 

Total 942561.6 

Statistical analysis among plots (Table 2) was performed 
on pre-treatment data (weeks 1-4) and post-treatment data 
(weeks 13-16). Weeks 13 to 16 were used to represent post­
treatment biomass because by the 13th week both chemical 
and harvest plots had been treated twice. 

RESULTS AND DISCUSSION 

Graphs of pre- and post-treatment data illustrate the effect 
of harvesting and chemical treatment on the plant biomass 
(Fig. 1). The sampling intervals and number of samples taken 
are listed in Table 1. The biomass in the harvested plot (A) 
decreased in shallow and deep water after the first and se­
cond harvest, while the biomass in the control plot (B) had 
a normal seasonal increase and senescence toward the end 
of summer (Fig. 1 ). Following harvests a slow regrowth of 
plants occurred. The growth of plants could have been in­
hibited because plants had been cut at the sediment sur­
face and root crowns were removed or damaged. Another 
explanation for slow regrowth is that Ceratophyllum, the 
predominant macrophyte in the plots, has no roots. Without 
a root stock to propagate new plants, rootless species must 
depend on shoot fragments or seeds for re-infestation. 

The biomass in the chemically treated plot (C) followed 
the same seasonal growth as the control plot (Fig. 1). Even 
though the effect of the herbicide treatment could be seen, 
the biomass (dry wt.) did not differ significantly from the con­
trol plot (Table 2). This was due to a bloom of th~ calcareous 
alga Chara sp., a serious nuisance plant to swimmers and 
other lake users. Chara was present in small amounts prior 
to the treatment, but seemed to be resistant to the chemi~. 
As expected, Nymphaea was una~ected by these che~1cals 
and its biomass was included 1n measurements in the 
chemical and harvested plots. Chemical control of this plant 
would require an additional herbicide. . . 

An analysis of pre- and post-treatment data within each 
plot was performed using Student's t-test (Table 2A). Results 
show that after two cuttings the plants in the harvest plot 
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Mean 
square F p 

22307.7 1.79 0.18 

12428.7 

92507.2 4.03 0.03 

22956.0 

significantly decreased (p < .05); whereas, no statistically 
significant difference was found between pre- and post­
treatment biomass in the control (p > . 10) or chemically 
treated (p > .25) plots. Biomass data from all plots were 
analyzed using a one-way analysis of variance (ANOVA) to 
determine if the three plots differed significantly before and 
after the treatments (Table 28). The F value did not indicate 
a significant difference among pre-treatment plots (p = .18); 
however, the F value for post-treatment shows a significant 
difference (p< .05). To determine which of the mean values 
were significantly different we used the Student-Newman­
Kuels procedure using the range as the statistic to measure 
differences among means (Sokal and Rohlf, 1969). Results 
of the Student-Neumann-Kuels test showed that the 
statistically significant difference was between the harvest 
and control plots (p < .05), and the harvest and chemical 
plots (p < .10), but not between the chemical and control 
plots. 

The possibility of harvesting having restorative value to 
East Twin Lake was explored. The weekly phosphorus con­
tent per gram of plant tissue (Andersen, 1976) was compared 
with the standing biomass per m2 (Fig. 2) to determine when 
maximal nutrient removal could be accomplished. The mean 
quantity of phosphorus that could be removed by harvesting 
the plants during July was compared to 4 years of annual 
phosphorus loading data (Cooke et al. 1978). Our results fell 
well within the range for gms · dry wt· /m2 and gms · P/m2 
compiled by Burton et al. (1978) for submerged macrophytes 
in the northern United States. We found that harvesting the 
entire littoral area of East Twin Lake (11. 7 ha.) one time would 
remove 26 to 44 percent of the total gross phosphorus 
loading and 92 to 100 percent of the annual net phosphorus 
loading (Table 3). A more realistic consideration would be 
to harvest 50 percent of the littoral zone. In this case, a range 
of 13 to 22 percent of the total gross phosphorus loading 
and 46to100 percent of the net phosphorus loading would 
have been removed from the lake by harvesting the plants. 
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Table 3. - The percent of annual gross phosphorus Income and net phosphorus loading which can be removed by 
harvesting 100 percent and 50 percent of the littoral zone of East Twin Lake. The plants growing In the littoral area con­
tain a total of 56 kg. of phosphorus (.0015 gms · P/gm ·dry wt.x 320 gms. dry wt· /m2 x 104 m2/ha. x 11. 7 ha. x .001 g/kg. == 

56 kg. P). Phosphorus content of plants, plant density, and areal coverage are based on 1981 data. 

1972 1973 1974 1975 1976 

Annual gross P income (kg.) 180.8 126.8 219.4 218.4 127.4 

Percent removed by 100% harvest 31 44 26 26 44 

Percent removed by 50% harvest 15 22 13 13 22 

Net P loading (kg.) 38.5 17.8 62 40.9 -8.1 

~ercent removed by 100% harvest >100 >100 92 100 >100 
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Figure 2.-5easonal biomass (gms. dry wt./m2) and total phosphorus 
content (gms.fm2) for plants in the control plot in East Twin Lake, 
Ohio. Phosphorus per m2 is the product of plant biomass x the total 
phosphorus concentration per gram (dry wt,) of plant. 

The costs for two chemical and two harvest treatments 
are shown for East Twin Lake and the adjacent West Twin 
Lake (Table 4). Our results of an additive comparison of the 
costs of the harvester plus summer operation expenditures 
for harvesting half the littoral area (courtesy of the Twin Lakes 
Assoc.), with the cost that would occur with two Cutrine and 
one Diquat treatment of half of the littoral areas of both lakes 
(recommendation of Applied Biochemists, Inc.) show that in 
the second season harvesting would be less expensive than 
chemical treatment of both lakes. Over a 5-year period the 
cost of macrophyte control with chemicals would be 2.6 times 
the cost of controlllng the plants with a harvester (Fig. 3 and 
Table 4). Chemical control would be even more costly if 
plants such as Nymphaea (water lily) were to be controlled 
and if we had included the herbicide applicator's fee in our 
computation. Harvesting is more expensive in the first year 
because of the initial cost of the machine. 

CONCLUSIONS 
Our conclusions are: (1) Harvesting is much more effective 
than the recommended doses of Cutrine-Plus and Diquat 
in controlling plant biomass in East Twin Lake; (2) maximum 
amounts of nutrients are removed from the lake by harvesting 
the plants during peak biomass; (3) harvesting will be less 
costly than chemical treatment over a 2-year period; and (4) 
harvesting will eliminate plant nuisances which limit recrea­
tional activities. 

Harvesting can disrupt aquatic biota since plant removal 
constitutes habitat removal. However, this method of 
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Figure 3.-Projected expenditures for chemical and harvesting 
treatments of aquatic macrophytes in East and West Twin Lakes, 
Ohio, based upon 1981 harvester purchase and operating costs. 
Chemical costs do not include expenses for application, equipment, 
and liability insurance, only 1981 costs of chemicals. Data are from 
Table 4. Projected costs do not include price increases. 

nuisance macrophyte control appears to be far more effec­
tive than chemical treatment with Diquat and Cutrine-Plus, 
longer lasting, less costly, restorative, and without the well­
known side effects that can occur with toxic chemicals. Ad­
ditionally, plant removal interrupts the release of nutrients 
by macrophytes and the buildup of the lake's littoral zone. 
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Table 4. - Cost summary for harvesting and chemical treat­
ment of half of the littoral area (13.6 hectares or 33.5 acres) 
of East and West Twin Lakes, Ohio. Dose was that recom­
mended by Applied Biochemists (see reference). Following 
their recommendations, we assumed the minimum treatment 
program of two Cutrine-Plus applications and one Diquat ap­
plication per summer. Cutrine dose was 1.2 gal./acre foot, 
Diquat was 1.4 gal./acre-foot, based on 134 acre-feet, and 
1981 prices of $22.60/gal. for Cutrine and $56.15/gal. for Di-

quat. Herbicide operator fee is not included. 

Chemical treatment 

Harvesting1 

Initial investment for harvester and trailer 

1981 Operations 

gasoline 

maintenance 

auxiliary equipment 

personnel 

TOTAL 

' Data provided by the Twin Lakes Association, Kent, Ohio. 

$17,802 

15,000 

350 

230 

80 

3,152 

$ 3,812 

$18,812 

Note: The revised 1979 edition of "How to identify and control water weeds and algae" 
(Applied Biochemists, Inc., Mequon, Wisconsin) recommends a dose of 2 gallons of 
Diquat per acre instead of the 1976 edition's recommendation of 1.4 gallons per acre­
foot for control of Ceratophyllum. We were advised by Applied Biochemists to use the 
dose in the 1976 edition. If we had computed the herbicide cost per year with the dose 
in the 1979 edition, the per year cost would have been $9,B1B.B51or both the Diquat 
and Cutrine-Plus, excluding herbicide operator fee and assuming no increase in her­
bicide cost in subsequent years. The harvester will pay for itself in the second year 
in either case. 
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PREFACE 

The following paper is a summary from an internal report 
entitled: An Approach to Assessing the Effects of Acid Rain 
on Ontario's Inland Sports Fisheries. The report was prepared 
for the Department of Fisheries and Oceans by Hough, 
Stansbury, & Michalski Ltd., and J.E. Hanna Associates Inc. 

The Department of Fisheries and Oceans has a respon­
sibility for protecting and conserving Canadian fish stocks 
currently threatened by acid rain. Therefore it was deter­
mined that an acid rain/fisheries model could be useful in 
predicting future damage to Canadian fisheries. 

From the beginning it was recognized that the complexi­
ty of the air/soil/biota interactions and the limited data base 
presently available would not permit accurate predictions of 
fisheries impacts. However, it was believed that by attemp­
ting such a synthesis, information would be obtained early 
in the research program that would identify critical gaps in 
fisheries' knowledge of the acidification process. Therefore 
at the outset it was anticipated that the important output from 
this exercise would be the methodology arising from the ac­
cumulation .and synthesis of available concepts and not the 
prediction of impact. The experimental approach or model 
conceived was derived from an analysis of the Ontario situa­
tion. This area was selected for a variety of reasons including 
the fact that reliable fisheries data were available from the 
Ontario Ministry of Natural Resources. 

The final report submitted by the contractors was sent out 
for critical review and. comment to approximately 30 scien­
tists with knowledge of the scientific aspects of acidification. 
Their observations and those of DFO's Steering Committee 
set up to oversee the contract are summarized as follows: 

1 . The most common concern expressed by the reviewers 
was the need to "calibrate the model" before it could be 
used for predictions of change. Observations were made on 
the difficulty in verifying many relationships used in the 
model, especially between the Morpho-Edaphic Index (MEI), 
alkalinity and production of fish, and in the physical/chemical 
portions. 

2. Some specific concerns expressed by reviewers related 
to the: 

• lack of treatment of lake-sediment interactions, 
• influence of labile aluminum on fish, 
• influence of episodic events (heavy rain, snow melt) 
• role of organic acids in lake acidity, 
• treatment of groundwater influences in the model 
• reliability of literature values of "threshold lethal pH" 

in fish. 
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Because of these and other limitations the DFO Steering 
Committee that oversaw the work of the contractors does 
not endorse the predictions of fisheries losses from pilot runs 
of the model. Efforts are proceeding to refine the model and 
to eliminate or reduce the uncertainties inherent in its 
formulation. 

INTRODUCTION 

Scientists and resource managers generally agree that many 
technical elements relating to the interactions between 
deposition of atmospherically-transported mineral acids and 
aquatic ecosystems are not yet fully understood. However, 
it has been said of research that for every question answered, 
five more will arise that require investigation. Many resear­
chers believe it will take 20 to 30 years of experimentation 
and data collection before we can significantly refine our 
knowledge of the acidification process. On the other hand, 
the National Academy of Sciences, after reviewing all the 
available information on the subject, concluded that suffi­
cient evidence currently exists to justify significant preven­
tive action (Natl. Acad. Sci. 1981). Regardless of the time 
frame, policymakers and society in general must still decide 
on the level of precision or, conversely, the amount of risk 
or uncertainty that is acceptable for a particular decision; in 
fact, inaction is a decision in itself. 

A decision to reduce acid-causing emissions may have 
profound effects both economically and socially; in this in­
stance, relatively precise cost estimates can be made for 
alternative strategies. Conversely, a decision to maintain or 
increase current emissions could cause extensive ecological 
damage and associated economic and social disruption, 
albeit, to a different region. In either case, a comprehensive 
quantitative analysis for assessing the potential benefits or 
damages is not yet in place. 

To provide a means to estimate the potential damages 
to inland fisheries in geologically sensitive portions of On­
tario and other parts of Eastern Canada, the Canada Depart­
ment of Fisheries and Oceans began to develop a long-term 
lake acidification-fisheries response model. The purpose of 
this paper is to provide an overview of the model and to 
discuss some of the key assumptions in the meth~dology. 

A ~u.mber of attem~ts h~ve been undertaken to develop 
pred1ct1ve models pnmanly for the hydrologic-chemical 
aspects of the lake acidification phenomenon (Environ. Can., 
198_1; Conroy et al. 1974; Hendriksen, 1980; Hesslein, 1979). 
While trophic-fisheries responses have been described for 



some cases (Almer, 1972; Almer et al. 1978; Schindler et 
al. 1980; Schofield, 1976; Beamish and Harvey, 1972; Keller, 
1978; Watt et al. 1979; Farmer et al. 1980; Mills, 1983), 
generally, less work has been devoted to modeling these 
more. complex effects. Formulation of most hydrologic­
chem1cal models has been effected through empirical 
analyses ":'ith partial theoretical explanations of relationships 
(e.g. Henriksen, 1979; Environ Can. 1981). Comprehensive 
mass balance studies are underway in many locations such 
as Kenora, Sault Ste. Marie, Dorset and Sudbury in Ontario, 
Laurentide Park in Quebec, Kejimikujit Park in Nova Scotia, 
Hubbard Brook in New Hampshire, Sagamore Lake in New 
York, and Coweeta in North Carolina (Ontario Ministry En­
viron., 1981; Dillon, 1982). These will offer potential for con­
structing calibrated cause-effect models with strong 
theoretical foundations. However, in some instances (e.g. 
the Dorset Lakes Study Area and ILWAS) the lack of cor­
roborative fisheries information will tend to confound exten­
ding the analysis to a primary ultimate point of concern­
fisheries production and survival. The essential questions 
to ask about whole lake-watershed system monitoring are: 

1. When will there be sufficient information to construct 
a rigorous lake-watershed-biological response model 
suitable for regional analysis? 

2. What is the best course of action in the interim? 
3. Do the data bases currently being assembled include 

all significant control parameters affecting lake and fishery 
responses to acidification? 

We are of the opinion that a reasonably full accounting 
of key relationships can be achieved when one constructs 
an integrated model, and that an appreciation of sensitive 
control parameters can best be gained through preliminary 
testing of such prototype models. Results can also provide 
the basis for immediate and interim decisions that are 
necessary until complete data bases have been compiled. 

Several attempts at constructing integrated 
lake-watershed acidification models have been documented 
(Overrein et al. 1980; Andrews et al. 1980; Schreiber et al. 
1982). However, specific policy recommendations based on 
predicted results are absent from these works; in fact, 
Schreiber et al. explicitly state that their model is not suitable 
for predictive applications (pg. viii, para. 2). Unfortunately, 
no alternative is provided to decisionmakers or the general 
public as to an appropriate interim course of analysis and 
action and no indication is given as to when to expect a "suf­
ficiently" calibrated model(s) for regional application. 

The model described in this paper was designed principal­
ly for regional application and to provide predictive results. 
The model may be modified and refined for lake-specific 
applications. 

A MODEL OVERVIEW 

The hydrologic-chemical model used was designed for long­
term predictions of lake alkalinity changes through annual 
chemical and water mass balance reactions (Hough Stans. 
Mich., Hanna Assoc., 1982). The structure is similar to many 
lake nutrient models (e.g. Vollenweider, 1969; Dillon, 1974; 
Schindler, 1980; Oglesby, 1977; Reckhow, 1979) in that 
sources and annual loadings of alkalinity and acid are iden­
tified in the system (Fig. 1), and complete mixing and an­
nual flushing of the lake are assumed. Four key sources of 
alkalinity are: (1) soil cation exchange with incoming 
atmospherically-deposited m!n~ral acids; (2) ground water; 
(3) internally-generated alkalinity from primary production, 
sediment exchange, and sulfur reduction; and (4) residual 
lake alkalinity. 

These loadings are integrated ~o p~oduce an alkalinity store 
for a lake/watershed system which 1s available to neutralize 
annual hydrogen ion input from the atmosphere. Alkalinity 
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Figure 1.-Schematic of alkalinity mass balance budget concept. 

and hydrogen ion loads are mixed using equivalent 
measures, and the net result is converted to a lake concen­
tration and pH by including a hydrologic budget. 

The biological component of the model is based on two 
elements: a modified morphoedaphic index (Ryder et al. 
1974), and observed lethal acid concentration thresholds (Fig. 
2). Regarding the first element, Ryder (1963) pointed out that 
alkalinity accounts for most of the total dissolved solids (a 
significantly correlated variable with fish productivity) in many 
natural unacidified waters. Accordingly, alkalinity was 
substituted for total dissolved solids in Ryder's basic MEI 
equation. The premise of the approach is that as alkalinity 
is depleted by acidification, the long-term sustainable yield 
of a water body will also decline since the MEI is reduced. 
This response is termed a clinical or sublethal loss, and it 
predicts a gradual reduction in productivity. 

The second element results from lethal concentrations of 
H+ ions and aluminum, and is predicted as a threshold 
response above which given species of fish will be lost from 
the fish community (Table 1). Nine fish assemblages were 
identified for Ontario (Table 2). As is the practice of fisheries 
biologists in the Province, a portion of the total annual pro­
duction estimated by the MEI is partitioned to the gross game 
fish component within a community (Ontario Ministry Nat. 
Resour. 1982); this yield was then distributed proportionately 
to each individual game fish species present (Table 3). As 
a particular species is lost (i.e., the species disappears from 
a community when its threshold pH is reached), a portion 
of the yield accounted for by that species is then redistributed 
among remaining species (Table 4). This redistribution of pro­
ductivity is repeated until the last game fish species is re-
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moved. At this point, the lake is termed "extinct." Extinct 
lakes are those no longer capable of game fish production, 
although overall primary and secondary production may still 
be relatively high. 

The model reports annual potential fish biomass pro­
duced, and the number and type of fish communities that 
have been lost. Total biomass production is reported for each 
species within a given assemblage for preset time intervals. 

To operate the model for each lake, the following infor­
mation needs to be collected: current acid loading; soil depth, 

Fish yield 
for species 

i 

Lake alkalinity/pH 

(,linal (pre-lethal) response 

\--- Threshold (lethal) 
response 

Figure 2.-Schematic fish species response curve to decreasing lake 
alkalinity/pH. 

base saturation, cation exchange capacity, bulk density, and 
hydraulic velocity; annual precipitation, runoff, and evapora­
tion rates; lake surface area, mean depth, fish community 
type, and lake trophic state; and lake watershed area. The 
atmospheric, geological, and pedological information can be 
interpreted from various published reports and maps (e.g., 
Hoffman et al. 1964; Ontario Ministry Agric. Food, 1975; On­
tario Dep. Lands Forests). Lake surface and drainage 
areas can be derived from 1 :50,000 or 1 :250,000 topo­
graphical maps depending on which are available. Lake 
mean depth and fish community are available for approx­
imately 2 percent of the lakes from published reports and 
file data. Based on the locations of sampled lakes in a water­
shed, neighboring fish communities, and topography of the 
shoreline, mean depth and fish communities can be approx­
imated for the remainder of the lakes. Our experience has 
been that these approximations can be reviewed and 
modified and/or confirmed by local fisheries managers 
based on their personal field experience. 

DISCUSSION 
The model developed primarily addresses the issue of long­
term acidification. Short-term acid pulses during periods of 
high runoff are not explicitly considered, although the 
threshold lake pH values were derived from field observa­
tions and are therefore partly representative of fish responses 

Table 1. - Threshold of pH cut-off points for the five game fish species of interest in this study. 

Fish Species pH 

Bass 5.7 

Lake trout and 5.5 
brook trout 

Yellow pickerel 5.5 

Northern pike 4.7 

Effects 

Below pH of 5.5 - 6.0 reproduction success fails 

At pH of 5.5 and below, lake trout reproduction fails and below 
a pH of 4.7, populations cannot be maintained. Brook trout 
reproduction success is adversely affected at pH 5.5 and 
below. 

Found absent at a pH of 5.2 - 5.8 

Relatively tolerant, with reproduction and hatchability of eggs 
seriously impaired at pH 4.5 - 5.0 

References 

Beamish, 1975, 1976 
Lewis and Peters, 1956 

Beamish et al. 1976 
Menendez, 1976 
Beamish, 1974 
Keller, 1978 

Beamish, 1975, 1976 

Beamish, 1975, 1976 
Beamish and Harvey, 1972 
Vallin, 1953 

Table 2. - Fish assemblage categories and the proportion of sustainable yield which can be attributed to the game fish 
component. 

Game fish assemblage 
category 

Northern pike, bass and yellow pickerel or bass only, or, bass and 
yellow pickerel, or, northern pike and bass 

2. Northern pike only 

3. Northern pike and yellow pickerel, or, yellow pickerel only 

4. Lake trout, northern pike, bass and yellow pickerel, or, lake trout, 
northern pike and bass, or, lake trout and bass 

5. Lake trout only 

6. Lake trout, northern pike and yellow pickerel, or, lake trout and pike, or, 
lake trout and yellow pickerel 

7. Brook trout only 

8. Brook trout, lake trout and bass, or, brook trout and bass, or, brook trout 
and lake trout 

9. No game fish 

324 
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to annual ya~iations in acid concentration (i.e., acid pulse 
effects). S1m1larly, the effects of toxic elements such as 
aluminum have not been explicitly included; again, however, 
the th~esholds observed in the field were partly a function 
o~ tox1? effe?ts of aluminum and other heavy metals. The 
direct inclusion of an acid pulse component would certainly 
lead. to larger predicted impacts, both in terms of lost pro­
duction and extinction of fish species; however, the 
magnitude of such effects cannot be estimated without con­
structing an appropriate predictive model. 

The model does not attempt to consider other pressures 
on fish populations such as angling and commercial fishing. 
If acidification were to be considered jointly with these other 
pressures, for some lakes the effects could be more severe. 
This consideration would be most important for lakes receiv­
ing a high level of use; from an economic viewpoint, these 
lakes are also the most valuable and therefore a simple pro­
rating of the lost fish production would not be appropriate. 
In fact, preliminary results indicate that the most seriously 
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affected areas are those parts of Ontario receiving some of 
the highest use, suggesting that the consideration of angl­
ing use is significant. 

A primary question which arises concerning the model is 
whether the estimates of biological damages from long-term 
lake acidification are likely too low or too high. The response 
to this question has two parts: the first deals with the 
hydrologic-chemical component and the second with the 
fisheries response. In terms of the chemical impacts, ground 
water and autochthonous alkalinity each are predicted to con­
tribute between 1 O percent and 55 percent of the total lake 
alkalinity supply, the actual value depending on watershed 
and lake characteristics. Both are considered insensitive to 
acidification and only runoff alkalinity and residual lake 
alkalinity change with time. By altering absolute contributions 
from these sources (for example, it has been suggested to 
the authors that the autochthonous inputs should be reduc­
ed), the predicted number of lakes going extinct can be 
dramatically varied. However, one must reconcile the fact 

Table 3. - Proportion of sustainable yield allocated to each game fish species in eight assemblage categories. 

Game fish assemblage Northern Bass Lake Brook Yellow 
pike trout trout pickerel 

1. Northern pike, bass and yellow pickerel 0.10 0.06 0.24 

2. Northern pike only 0.40 

3. Northern pike and yellow pickerel 0.20 

4. Lake trout, northern pike, bass and 0.05 0.03 0.20 0.12 
yellow pickerel 

5. Lake trout only 0.25 

6. Lake trout, northern pike and yellow 0.06 0.15 0.09 
pickerel 

7. Brook trout only 0.30 

8. Brook trout, lake trout and bass 0.04 0.15 0.09 

Table 4. - Yield re-distribution following elimination of fish species from each game fish assemblage. 

Fish Community First pH threshold Second pH threshold Third pH threshold 

Species % MEI Species % MEI Species % MEI 
lost uptake lost uptake lost uptake 

1. Northern pike, bass and yellow pickerel bass 70% yellow 50% northern 0% 
pickerel pike 

2. Northern pike only northern 0% 
pike 

3. Northern pike and yellow pickerel yellow 50% northern 0% 

pickerel pike 

4. Lake trout, northern pike, bass and bass 80% lake trout 30% northern 0% 

yellow pickerel and yellow pike 
pickerel 

5. Lake trout only lake trout 0% 

6. Lake trout, northern pike and lake trout 40% northern 0% 

yellow pickerel and yellow pike 

pickerel 

7. Brook trout only brook trout 0% 

8. Brook trout. Jake trout and bass bass 70% brook trout 0% 
and lake 
trout 
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that the model appears to have a tendency to underestimate 
measured lake alkalinity; reducing the contribution of a 
significant input such as autochthonous production, would 
worsen discrepancies. In addition, preliminary total fish pro­
duction estimates obtained are comparable to published 
results (Ontario Ministr. Nat. Resour., 1979) and a substan­
tial reduction in lake alkalinities would lead to inconsisten­
cies between estimates. 

The model assumes that runoff alkalinity is contributed 
solely through cation exchange in aluminum silicate soils. 
In fact, carbonate components are present in some glacial 
tills deposited in the Precambrian Shield, and scattered car­
bonate bedrock formations also occur. Where these are pre­
sent, the rate of acidification will be much less than that 
predicted by the model and the initial lake alkalinities will 
significantly increase. While larger surficial deposits or 
geological formations containing carbonate compounds were 
excluded from the analysis, we believe that actual acidifica­
tion rates will be slower than predicted by the current ver­
sion of the model because of the influence of carbonate com­
pounds. Restricted local areas devoid of carbonate materials 
are more likely to follow the predicted response. 

From a biological perspective, most of the losses predicted 
can be attributed to clinical reductions of productivity. The 
modified morphoedaphic index was developed through 
regression analysis; while considerable efforts have been ex­
pended to provide a rigorous theoretical explanation of its 
predictive powers, the answer is still not completely satisfac­
tory. In fact, recently Prepas (1983) has demonstrated that 
mean depth is the key parameter in the MEI and has sug­
gested that TDS should be deleted. Accordingly, a clinical 
type of response in fish production can be questioned at 
higher alkalinity and pH levels. The model would overpredict 
effects if this relationship is invalid and the only valid impacts 
would be threshold lethal effects. 

CONCLUSIONS 

1. The model appears to be a conservative estimator of 
long-term acidification impacts (i.e., is more likely to 
overestimate acidification rates than underestimate) but does 
not adequately account for short-term acid pulse impacts and 
fishing pressure effects which, if included, would result in 
estimates of greater impacts on the sports fishery. 

2. Any fisheries damages predicted need to be incor­
porated in a socioeconomic assessment to make direct com­
parisons with the costs of alternative abatement strategies. 

3. Feasible immediate improvements to the analysis in­
clude developing a short-term acid pulse component and in­
corporating a carbonate solution relationship. 

4. Long-term research efforts can help to clarify the con­
tribution to lake alkalinity budgets by groundwater, primary 
production, and sediment interactions. 

SUMMARY 

The preceding discussion is intended to highlight the key 
characteristics of a long-term lake/watershed acidification­
fisheries response model. The original report provides more 
indepth treatment of the (1) internal relationships; (2) the 
strengths and limitations, (3) a procedure for regional ap­
plication, and (4) preliminary results. The information in this 
paper is being made available at this time in order to: 

1. Help identify knowledge gaps in our understanding of 
the whole acid rain problem, 

2. Help focus the research effort, and 
3. Serve as a "jumping off" point to estimate and advance 

more work by other scientists to refine and make more ac­
curate, the models of fisheries losses through acidification. 
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Copies of the full report are available from: Department 
of Fisheries and Oceans, Ontario Regional Office, 3050 
Harvester Road, Burlington, Ontario, L?N 3J1. 
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